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Riassunto

La contaminazione degli ecosistemi acquatici dovuta al rilascio di sostanze radioattive
nell’ambiente richiede l’applicazione di opportune contromisure per il ripristino degli ecosistemi
contaminati. Nonostante i loro ovvi benefici, le contromisure possono causare effetti non desiderati
di natura economica, ecologica e sociale. Tali effetti devono essere esaminati accuratamente.
Pertanto é di primaria importanza valutare, mediante criteri oggettivi, il bilancio tra i costi ed i
benefici delle differenti contromisure nell’ambito di programmi di gestione ambientale. Lo
sviluppo di metodologie generali per una tale valutazione é una grande sfida scientifica. In primo
luogo risultano essenziali modelli validati in grado di prevedere il comportamento dei contaminanti
nei sistemi acquatici e gli effetti delle contromisure. E’ poi necessario sviluppare opportune
metodologie per valutare l’efficienza globale delle contromisure in relazione agli impatti
economico, ecologico e sociale. Infine il complesso insieme delle tecniche e dei metodi sviluppati
per una valutazione globale, scientificamente garantita, delle contromisure deve essere trasformato
in uno strumento software di facile uso che possa essere d’aiuto ai “decision maker” per la scelta
degli interventi più opportuni di ripristino ambientale.

Il progetto MOIRA é stato  sviluppato nell’intento di raggiungere i citati obiettivi.

Summary

The contamination of aquatic ecosystems due to the release of radioactive substance into the
environment necessitates applying suitable countermeasures for the restoration of the polluted
ecosystems. However, despite their obvious benefits, countermeasures may also result in
detrimental effects of economic, ecological and social nature. These must be carefully evaluated.

Thus, it is of paramount importance to assess, by objective criteria, the global cost-benefit balance
of different countermeasures to support environmental management decisions. To develop
methodologies for such a global assessment is a great scientific challenge. Firstly, quantitative,
validated models are essential to predict the behaviour of contaminants in aquatic ecosystems as
well as the effects of the countermeasures. Secondly, it is necessary to develop suitable
methodologies for assessing the global effectiveness of a countermeasure when the economic,
social and environmental impacts are accounted for. Thirdly, the complex set of techniques and
methodologies for a scientifically based assessment of the countermeasure effectiveness must be
turned into a user-friendly software tool for supporting decision makers in selecting remedial
actions to mitigate the effects of radionuclide contamination of the environment.
The MOIRA project has been designed to meet the above needs.

Keywords: radioecology, countermeasures, decision systems, environmental modelling,
multi-attribute analysis
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OVERVIEW OF MULTI-ATTRIBUTE ANALYSIS METHODOLOGIES APPLIED TO
THE EVALUATION OF THE EFFECTIVENESS OF REMEDIAL MEASURES IN THE

MOIRA SYSTEM

S. Ríos-Insua1, A. Mateos1, A. Jiménez1 and E. Gallego2

1Dept. of Artificial Intelligence, UPM, Spain
2Dept. of Nuclear Engineering, UPM, Spain

INTRODUCTION

In this chapter, we describe the evaluation submodule of the MOIRA system. It is
based on a multi-attribute additive utility model, aimed at identifying optimal remedial
strategies for restoring aquatic ecosystems contaminated by radionuclides. It includes
facilities for assessing imprecise scalar utility functions and scaling factors, as well as a
sensitivity analysis tool to check the sensitivity of the conclusions to the inputs, to allow the
decision makers to gain insights into the problem. The selection of the optimal strategy
should be based on all relevant information, and the end objective is to minimize the impact
of contamination, not only from a radiological point of view, but also taking into account
other important environmental, social and economic effects that the decision could entail.

The MOIRA system integrates several modules, as it is schematically shown in Figure
1. The essentials of these modules have been described in previous chapters. Between them,
a GIS (Geographical Information System) database together with a complete set of reliable,
validated models (Monte et al. 1997, 1998) to predict the temporal behaviour of
radionuclides in the freshwater environment and the ecological, social and economic impacts
of the countermeasures as the basic pillars on which a decision must be based. Each node in
the figure represents a module and they are linked by branches that show relationships
among them. On the one hand, we have the modules that lead to obtain consequences or
impacts of each strategy (Lake Ecosystem Index, dose to man and biota, economic costs,
etc.). On the other, we have the Decision Analysis (DA) submodules, which globally
compose the evaluation module, the main objective of this chapter. These include
submodules for regression analysis, utility and weight assessment, from which we obtain the
evaluation of consequences to reach an optimal solution, with the aid of a submodule that
permits to conduct sensitivity analysis (SA).

This chapter provides a methodological description of the MOIRA system evaluation
module that includes a SA facility, which is extended to deal with the multiparametric case,
in which we consider changes in weights and values simultaneously. After a short
description of the Multi-Attribute Analysis methodology and the reasons to use it, we
describe the hierarchy of objectives and the basic ranking model, including the imprecise
assessment procedures and the multiparametric SA. Finally, some conclusions are given.

After programming it in Visual C++, the methodology has been implemented in the
corresponding module of the MOIRA Decision Support System, which will allow the
incorporation of all process relevant information to aid DMs in obtaining the best strategy.
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Figure 1. Modules in the MOIRA system.

MAA is a technique recommended by the International Commission on Radiological
Protection (ICRP) for use in optimisation problems (ICRP, 1989). It has also been applied to
evaluate different problems in which environmental impact was one of the main issues to
consider. For instance, Merkhofer and Keeney (1987) used MAA for the evaluation of
alternative sites for the disposal of nuclear waste; Seip et al. (1987) for the analysis of
phosphorus abatement measures to improve lake water quality. The accident of the
Chernobyl reactor in 1986 showed the complexity of the decisions both during the
emergency and after. Since then, several applications of MAA in decision support systems
(DSS) have been reported, e.g., by the International Chernobyl Project, a collaborative
project undertaken by seven international agencies, co-ordinated by the IAEA (International
Atomic Energy Agency). The structuring of the decision problems into key socio-economic
factors, together with the physical, radiological and medical information allowed a more
objective and clear evaluation of the protective measures taken in the Republics affected by
the accident (see French, 1991). The RADE-AID Project (of the European Commission)
discussed the development of a MAA-based DSS to be used after radiological accidents
(Wagenaar et al., 1990). MAA has been used more recently in RODOS, a comprehensive
system developed by a European Consortium, which is intended to provide support from the
moment of an accidental release, to months or years after an accident, at all distances from
the release point. Multi-attribute decision methods have proved to be very helpful to balance
the many conflicting objectives under such circumstances (French et al., 1998).

So, MAA is an activity with a long history. It consists of a decomposition technique
for structuring and solving multi-attributed decision making problems, where a given set of
available actions must be evaluated with regard to multiple, often conflicting objectives. This
means that doing well with regard to one objective may normally require doing poorly with
regard to another. The decision-maker (DM) is required to select what he/she considers the
‘best’ action based on trade-offs between objectives and on the relative importance given to
them. The theory of such an approach has been formalised (see, e.g., Keeney and Raiffa,
1976) and many applications have been reported in different fields.

MAA breaks down a decision problem into three general areas: problem structure,
uncertainties in the outcomes of the actions, and DM’s preference. The structuring process includes
the identification of options or alternative actions and the development of a hierarchy of objectives.
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Objectives are often hierarchical in nature and the overall objective can be divided into sub-
objectives. These sub-objectives can be further divided until attributes are identified on which the
accomplishment of the objectives can be measured. This structuring process of decision problems is
often more "art" than science since there is no formal theory guiding this step. However, creating a
hierarchy is always beneficial, since it allows the disaggregation of highly complex problems into
their components. The second stage is related to the probability model, where the DM identifies
possible uncertain variables and assesses the probability distributions for the outcomes of the
alternative actions. Finally, a preference model is constructed, represented through a multi-attribute
utility function, of additive type in the case of the MOIRA-system, where the DM is first elicited to
give scores for each of the actions with respect to each attribute in order to assess the individual
utility functions. Next, he/she assigns relative weights to the attributes and objectives that express the
trade-offs among attributes.

By means of the individual utility functions, each action receives a given score in the
interval [0, 1] with respect to a given attribute. The shape of these individual utility functions
depends very much on the nature of the attributes. Linear and non-linear, monotonically
increasing or decreasing functions, step-wise functions, etc., are acceptable choices if they
adequately represent the DM's preferences with respect to that attribute, a score 1 always
meaning the most preferred option, score 0 the least.

Figure 2 gives a schematic layout of the MOIRA-system for MAA. The display in Fig.
2 works interactively to define a hierarchical tree of objectives. The different branches may
be easily activated or deactivated, depending on the nature of the problem analysed or on the
availability of data for the attributes of the top level: radiation doses, economic costs, health
impact, etc. At the root there are three defined objectives, environmental, social and
economic impact. From these stem other subobjectives until seventeen attributes arise in
lowest level as the leaves of the tree.

The environmental impact has never before been incorporated as an objective in similar DSS-
systems. Two attributes are considered to represent the environmental impact: the LEI and the
radiation dose to biota (fish). The social impact is handled by two objectives: minimising impact on
health and on living conditions. The radiation dose is an obvious factor concerning health; in our
case, we focus on dose to critical individuals, which should never receive levels above thresholds for
early health effects, and collective dose, which, according to the usually accepted Non-Threshold
Linear hypothesis (ICRP, 1991), induces a linear increase on the risk of developing serious latent
effects, mainly cancer. Overall health status of people can also be affected by an accident situation
and the countermeasures, and by several less specific stress-related effects. For the “living
restrictions”, other impacts are taken into consideration, e.g., those of countermeasures affecting
drinking water and water used by the food industry, the direct use of fish for food or its processing in
the food industry (e.g., canned, smoked, salted, etc.), the use of water for irrigation of crops and the
recreational uses of water bodies. For all these objectives, the attributes will be the number of
persons, area of crops or amount of fish affected by restrictions and the duration of such restrictions.

Finally, the economic impact will be decomposed into direct effects, more amenable to
quantification, and the intangible effects, like loss-of-image and adverse market reactions for the
concerned area. Between the direct effects, the costs caused by the different bans or restrictions to
normal living conditions can be sub-divided into costs to economy and the more subjective costs of
recreation lost, and the costs of chemical and physical remedial countermeasures.
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Figure 2. Main display of the module for multi-attribute analysis (MAA) of MOIRA system,
with the hierarchy tree of objectives considered.

Obviously, the three general objectives, minimizing the environmental, social and
economic impacts, will be maintained for any given scenario for which MOIRA can be
applied. But taking into account the peculiarities of each case, these objectives can be split in
more or less branches of subobjectives, with attributes for the lowest-level of the tree. The
attributes for each lowest-level objective will be used as a measure of the effectiveness of
each strategy. They can be measured either on natural or constructed scales. For example, in
the case of attribute “cost of image”, we introduced a constructed scale with key points
defined to convey its meaning to individuals.

By running the MOIRA system, the user then can identify feasible strategies, including
the no-action option, and describe their impacts in terms of each attribute, having thus a
numerical vector associated to each restoration strategy.

RANKING THE STRATEGIES

As a result of the screening process, there will be several remedial countermeasures
available for possible implementation. The next step involves evaluating each of these
strategies using a multi-attribute value model to help identify the best one. Each strategy Sq
will be characterised by its evaluations (x1

q,..., x17
q) in the seventeen relevant attributes,

where xi
q is the specific level of attribute Xi for alternative Sq. We rank the alternatives with a

multiattribute value function, which combines multiple evaluation measures into a single
measure or value of each strategy. The functional form we use in MOIRA is additive, i.e.,

)x(vw)S(v q
ii

i
iq ⋅= Â

=

17
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For reasons described in (Raiffa, 1982) and (Stewart, 1996), we consider the above
function as a valid approximation. Note that non-linearities in the component value functions
will be adequately captured by fitting cubic splines to five points, as we shall see in the next
section. Also, we took care that the modelled attributes are close to being additively
independent. To determine such function we need to specify:

1) Component value functions vi for each evaluation measure;
2) Weights or scaling factors  wi, for each component value function.

We describe next some specifics of the assessment of vi and wi, a process which has
been automated.

UTILITY ASSESSMENT

The evaluation module includes a simplified method in order to define linear piece-
wise component value or utility functions vi (see Figure 3 for an example).

Figure 3. Definition of a linear value function in the MAA module.

However, the most complete method implemented is based on the combination of two
slightly modified standard procedures for utility assessment. Several authors (see, e.g.,
Hershey et al. 1982, Jaffray, 1989 or McCord and de Neufville, 1986), have suggested that,
in general, elicited value/utility functions are method-dependent, and bias and
inconsistencies may be generated in the elicitation process. To mitigate such problems we
use two methods jointly: the fractile method which belongs to the class of certainty
equivalent methods and the extreme gambles method, one of the probability equivalent
methods (see Farquhar, 1984). These procedures provide a utility instead of a value function
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for each attribute. Remember, however, that all utility functions are value functions, but not
vice versa. Moreover, instead of demanding only one (precise) number in each probability
question, as called for by these methods, we allow DMs to provide a range of responses.
This is less stressful on experts, since they are allowed to give incomplete preference
statements by means of intervals rather than unique numbers (von Nitzsch and Weber,
1988), thus obtaining more robust value functions (Ríos et al., 1994). Consequently, we
obtain a class of value functions, rather than a single one, for each method. We compare the
responses given by both methods to detect inconsistencies. There will be inconsistencies if
the intersection area obtained from the two types of responses is empty in some range of the
attribute, in which case we should reassess the preferences. These reassessments finish as
soon as the DM provides a consistent range for the utility function, and thus the intersection
will be the range for the DM's utility functions, i.e., the elicited value (or utility) intervals.
They were obtained from both methods: for three probability levels p1=.25, p2=.50 and
p3=.75, with the fractile method and for attribute levels

or the extreme gambles method, where xi* and xi
* are, respectively, the worst and best

consequences for attribute Xi. For attributes with subjective scales, utilities may be
introduced directly by hand on a ‘thermometer’, or sliding bar, scale (see Figure 4). Then,
the classes of value functions will be defined by constraints v(xi

j)Œ[vi
jL, vi

jU]  (L and U means
lower and upper, respectively).

Figure 4. Direct assignment of the utility for each strategy.
Figure 5.a shows the assessments for one attribute, say X1, for both methods, with the

bounding value functions v1
L  and v1

U obtained from the fit of natural cubic splines to five
points. They are represented in the x1/v1(x1) diagram. Figure 5.b shows the intersection of
both ranges as the shaded area drawn between continuous lines, which provides the class of
value functions for the DM and the value intervals for the selected x1

j, j=I,II,III.
Once we have the assessments, we fit the component value functions to set an estimate

of each vi. We assumed that the component value functions vi are obtained by taking the mid-
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points of the value intervals of the ranges for vi (see Figure 5.b for the case of v1) and then
fitting natural cubic splines to the data points. We fit cubic splines instead of exponential
functions for two reasons: first, there are not many data points for regression and, second,
because these cubic splines will appear as sensitivity analysis constraints in some
optimisation problems and the computations are much easier than using exponential
functions based on least squares. The plot of the fitted value function is shown in Figure 6 as
a dotted line.

Figure 5. Ranges of value function v1 obtained by two methods, and their intersection
area.

Figure 6. Range for the DM's value v1 and the fitted value function (dotted line).

ASSESSMENT PROCEDURE FOR SCALING FACTORS

To get the additive value function, we also need the positive scaling constants or
weights wi , which allow us to add the separate contributions of the seventeen attributes to
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obtain the total value. Hence, we have provided several alternative procedures for assessing
such weights, which will also be used to assign weights to the higher level objectives. This
will allow the DM to perform global sensitivity analysis (SA), allowing intervention at any
level of the hierarchy of objectives.

Let wi
l  be the weight of objective i at the l-th level. We assess weights in a direct way

or based on trade-offs (Keeney and Raiffa, 1976), among the corresponding attributes of
lowest-level objectives stemming from the same objective. We begin with the attributes and
then continue the assessment in ascending order of the hierarchy. As in the case of utility
elicitations, we assume imprecision allowing the DM to provide an interval, rather than a
unique value and the system computes the corresponding precise weights. The normalized
weight intervals [ki

lL, ki
lU] together with the value intervals [vi

L, vi
U] will be used in SA, on the

one hand, to gain insight and confidence in the ranking of countermeasures and, on the other,
as an aid in reducing the set of countermeasures.

The assessment of weights for higher level objectives is based on the same procedure.
At first sight, it seems involved to provide answers to trade-offs comparisons, especially
when we ascend in the objectives hierarchy, since we must take into several attributes
account. However, our experience in the assessment process suggests that after training,
DMs do not find this task difficult. Moreover, remember that we do not demand a unique
value but an interval. We also have the normalized weights and intervals for all objectives in
the hierarchy.

The three alternative methods for assigning weights, as implemented in the MAA
module, can be observed in Figure 7.
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Figure 7. Different windows of the MAA module facilitating the assignment of weights and
the ranges for sensitivity analysis for a given objective.

EVALUATION OF COUNTERMEASURES

Given a strategy Sq with consequences

the global function  takes, after substitution, the form

where we observe that the weight klevel1◊ klevel2◊◊◊ klevel5 of each attribute is obtained by
multiplying the weights of the objectives on each path from the root to the respective
attribute. Hence, in this case, we have the value function. Now, the system rank the strategies
based on their value v(Sq).

SENSITIVITY ANALYSIS IN THE DECISION MODEL

The MOIRA evaluation module includes a sensitivity analysis (SA) facility to gain
additional insight about the ranking of countermeasures. Briefly, the evaluation process is as
follows: the system evaluates a strategy Sq , described by (x1

q,..., x17
q) , and its value in each

attribute by means of the given additive value function. Component functions were assessed
using two methods (the fractile and the extreme gambles methods), providing a class of
value functions, which will be denoted by the set of value constraints vŒV  and similarly for
weights, which we denote the weight constraints as kŒK. Thus, we have imprecise values
and weights and they will be used in SA to gather information and aid the DM to make a
more reasonable choice of a strategy.

SA is usually performed by changing the weights or values and observing their impact
on the ranking of alternatives. Thus, if the DM alters a weight ki

l or normalized weight range
[ki

lL, ki
lU], the system takes charges of how these changes are to be propagated in the

objectives hierarchy and recalculates the overall value for each strategy. The system also has
a SA facility that indicates the range within a given weight may vary without altering the
overall ranking of the evaluated strategies (see figure 8 for an example).
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Figure 8. Example showing the range of variation in the weight assigned to the objective
“Environmental Impact” that would not alter the overall ranking between the strategies

evaluated.

It is also possible to see the simultaneous effect of changing a value vi(xi
j) of an

alternative, which can be visualized interactively by means of a graphical representation of
the first fourteen strategies with bars of a length proportional to their overall value (see
figure 9).

As the displays in Figure 9 show, an important and distinctive feature is its extensive
facility for visual interactive sensitivity analysis, which enables DMs to explore the
implications of changing weights and values on-line, providing an easy way to investigate
sensitivity issues.
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Figure 9. Example of results of MAA for a given lake scenario. The upper display shows the
overall utility and the ranking of eight alternative strategies being evaluated. The lower
display includes the values of attributes for a certain strategy and the intermediate weights
assigned to each objective of the hierarchy tree.

CONCLUSIONS

The evaluation module of MOIRA system has been constructed based on well founded
Decision Analysis methods. It is intended for use in the event of the accidental introduction
of radioactive substances into an aquatic ecosystem and its drainage areas in order to identify
optimal intervention strategies. Countermeasures are then evaluated and ranked from an
additive multi-attribute value model representing the experts' preferences. Moreover, the
possibility of multiparametric sensitivity analyses of weights and values has been introduced,
as an aid for choosing a final strategy. For this purpose, we apply some concepts by means
of which we can reduce the set of strategies of interest and assess solution robustness and,
possibly, elicit additional information from the DMs.

The methodology and the module described have been implemented in a Visual C++
program, with user-friendly interface and visual aids to incorporate and analyse all process-
relevant information, including imprecision about values.
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