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Riassunto

Il presente rapporto descrive i risultati delle attività di ricerca del progetto “IMPLEMENTING
COMPUTERISED METHODOLOGIES TO EVALUATE THE EFFECTIVENESS OF
COUNTERMEASURES FOR RESTORING RADIONUCLIDE CONTAMINATED FRESH
WATER ECOSYSTEMS” (COMETES) finanziato dalla CE (contratto ERB IC5-CT98-0203)
nell’ambito del programma di ricerca e sviluppo tecnologico “Cooperation with Third
Countries and International Organizations”. Vengono descritti e discussi i risultati delle
applicazioni a vari siti in Europa di modelli di migrazione e di metodologie di valutazione
dell’efficacia delle contromisure. I modelli e le metodologie citati fanno parte del
Computerised Decision Support System MOIRA. La valutazione dei risultati ottenuti ha
permesso la produzione di una versione aggiornata del software MOIRA.

Summary

The present report describes the results of the project IMPLEMENTING COMPUTERISED
METHODOLOGIES TO EVALUATE THE EFFECTIVENESS OF COUNTERMEASURES
FOR RESTORING RADIONUCLIDE CONTAMINATED FRESH WATER ECOSYSTEMS
(COMETES) financed by the EC (contract ERB IC5-CT98-0203) and carried out in the
“Cooperation with Third Countries and International Organisations” research and
technological development programme. The applications to several European sites of models
and of methodologies for the assessment of the effectiveness of countermeasures were
described and discussed. The above models and methodologies are essential components of
the Computerised Decision Support System (CDSS) MOIRA. The evaluation of the results of
the above applications gave the opportunity of improving the CDSS and of developing an up-
to-date version of MOIRA.
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APPLICATION OF MULTIATTRIBUTE ANALYSIS (MAA)
METHODOLOGIES TO THE EVALUATION OF THE EFFECTIVENESS OF

REMEDIAL STRATEGIES WITH THE MOIRA SYSTEM
E. Gallego1, A. Jiménez2, A. Mateos2, T. Sazykina3, S. Ríos-Insua2, M. Widengård4

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

3Scientific Production Association “Typhoon”, Russia
4Programme of Sedimentology, Uppsala University, Sweden

The evaluation submodule of the MOIRA system (Ríos-Insua et al., 2000) is based on a multi-attribute
additive utility model, aimed at identifying the optimal remedial strategies for restoring aquatic
ecosystems contaminated by radionuclides. It includes facilities for assessing imprecise scalar utility
functions and weighting 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 the radiological point of view, but also taking
into account other important environmental, social and economic effects that the decision could entail.
This chapter describes the application of the MOIRA system to analyse a set of
alternative remedial strategies in the case of Lake Kozhanovskoe, located in the Bryansk
region in Russia, which resulted heavily contaminated with 137Cs after the Chernobyl
accident in 1986. As it has been described in the previous chapter on the application of
the dose assessment module, the lake Kozhanovskoe was in 1998 granted the status of
radioecological reserve and fishing was officially forbidden because of the high levels of
fish contamination with 137Cs. The purpose of the application of MOIRA system to the
lake Kozhanovskoe scenario is to test the effectiveness of several alternative
countermeasures, by using the MAA methodology contained in the MOIRA evaluation
submodule (version 2, Jimenez et al., 2001).
Since the chapter focuses on the application of the MAA, methodological descriptions
are limited to those aspects necessary for a better understanding of the reasoning behind
the analytical process without unnecessary details that can be found elsewhere (Ríos-
Insua et al., 2000, Ríos et al. 2000, Jiménez et al., 2001, Mateos et al., 2001). Emphasis
is put on describing the application, capacities and usefulness of the MAA module of
MOIRA under realistic test conditions. First of all, a description of the problem scenario
is made, followed by the step-by-step analysis of the first set of strategies tested with
MOIRA system. Then, searching for an optimum solution, new strategies are
introduced, and sensitivity analyses are performed to check the consistency of the final
ranking between the alternative strategies.

THE MOIRA MAA MODULE FOR RANKING STRATEGIES
MAA 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.
Figure 1 gives a schematic layout of the structure of the MOIRA-system for MAA.
The display in the figure can work 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
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the bottom level: ecosystem index, radiation doses, economic costs, etc. The MOIRA
system automatically activates those attributes for which data have been calculated
with MOIRA sub-models. At the root there are three defined objectives,
environmental, social and economic impact. From these stem other sub-objectives until
seventeen attributes arise at the lowest level as the branches of the tree.

Figure 1. Main display of the module for multi-attribute analysis (MAA) of MOIRA
system, with the hierarchy tree of objectives considered.

One of the unique/particular characteristics of the MOIRA system is the consideration
of the environmental impact as one of the main objectives of the decision analysis.
Two attributes were selected to represent this: the Lake Ecosystem Index (LEI) and
the radiation dose to biota (fish) (Brittain et al., 2000). LEI is a simple, rational
approach to measure the ecological status of a lake, by comparing normal values of key
variables with their actual values and their influence on the fish yield, the
phytoplankton biomass and the bottom fauna biomass (Håkanson, 1993; Håkanson,
1997; Håkanson et al., 2000).
The social impact is handled from two sub-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), will be linearly related with
the increase in the risk of developing serious latent effects, mainly cancers. The overall
health status of people can also be affected by an accident situation and the
countermeasures, and by several less specific stress-related effects that could be
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subjectively valued by the user. For the “living restrictions”, other impacts are taken
into consideration. These include countermeasures affecting drinking water and water
used by the food industry, the direct consumption of fish for food or its processing in
the food industry (e.g. canned, smoked, salted), 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, the area of crops or the amount of fish affected by restrictions
as well as the duration of such restrictions.

Finally, the economic impact has been divided into direct effects, more amenable to
quantification, and the intangible effects, like loss-of-image and adverse market
reactions for the concerned area, which could also be subjectively valued by the user.
Among the direct effects, the costs caused by the different bans or restrictions to normal
living conditions can be sub-divided into costs to the economy and the more subjective
costs of lost recreation, and the costs of chemical and physical remedial
countermeasures.
Obviously, the three general objectives, minimizing the environmental, social and
economic impacts, will be maintained for any given scenario for which MOIRA is be
applied. However, taking into account the peculiarities of each case, these objectives can
be split in more or less branches of sub-objectives, 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. 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, thus providing a numerical vector associated to each restoration
strategy.
MAA breaks down a decision problem into three general areas: problem structure,
uncertainties in the outcomes of the actions, and the DM’s preferences. The second
stage can be taken into account in MOIRA by direct assignment by the user of
attribute uncertainties or deviations. Finally, to rank the alternatives, a preference
model is constructed, represented in MOIRA through a multi-attribute utility function
of additive type:

[1]

where each strategy Sq is characterised by the resulting evaluations (x1
q,..., x1 7

q) of the
seventeen relevant attributes, where xi

q is the specific level of attribute Xi for alternative
Sq. In this way, multiple evaluation measures are combined into a single measure or
value for each strategy.
To build the utility function with the MOIRA MAA module, the DM first assesses the individual
utility functions. By means of the individual utility functions, each strategy 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 and the DM’s preferences and attitudes. 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 of 1
always means the most preferred option, while a score of 0 the least. Next, relative weights to the
attributes and objectives that express the trade-offs among attributes must be assigned. However, default
utility functions and default equal weights are provided in the system to facilitate quick assessments.
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SCENARIO DESCRIPTION. INTERVENTION STRATEGIES.
The main characteristics of the social and radiological situation in the area of lake
Kozhanovskoe were described in the previous chapter. The area of lake Kozhanovskoe
belongs to the zone of evacuation of the population, as the levels of contamination with
137Cs are high (137Cs fallout on the lake was about 600KBq/m2). However, a
considerable number of residents continued to live in the villages near the lake, and fish
caught in lake Kozhanovskoe was a predominant food of the local residents even 10
years after the Chernobyl accident.
According to expert assessments, in spite of the ban on fishing, 20-30 families are still
engaged in fishing. In addition, amateur fishermen often go fishing to the lake from the
neighbouring districts and catch fish for the most part with fishing rods. Consumption
of fish by the fishermen and members of their families may be as high as 80 kg a year
per person while, on average, the residents of this area consume annually 20 kg of fish.
In 1998, the concentration of 137Cs in predatory species of fish from Lake
Kozhanovskoe remained high and was, on average, 20-25 kBq/kg, fresh weight, whereas
in non-predatory species it was 6-10 kBq/kg, fresh weight. Therefore, the intervention
strategies are mainly oriented to reduce either the fish contamination or the amount of
fish consumed by the population.
The “No Action” strategy was the basis of the analysis presented in the previous
chapter on dose assessment. Six additional intervention strategies have been simulated
with the MOIRA system, which form the basis of the discussion and the exercise on
decision analysis described below. These intervention strategies are described in Table
1.
Table 1. Summary description of the intervention strategies initially tested for
Lake Kozhanovskoe.
Intervention
strategies (Acronym)

Type of
intervention

Detailed description

No Action None Natural evolution of the situation without intervention

Potash Chemical 200 Tons of potash added to the lake between May and
August (i.e. 50 Tons/month) each year from 1987 to 1994

Fertilizer Chemical 4 Tons of fertilizer added to the lake between April and
July (i.e. 1000 kg/month) each year from 1987 to 1994

Lake Lime Chemical 200 Tons of lime added to the lake in June each year from
1987 to 1994

Wetland liming Chemical 400 Tons of lime added to the catchment in June each year
from 1987 to 1994

Sediment removal Physical
6 km2 of sediments removed from the lake down to 5 cm
depth, between May and October 1988 (i.e. 1.000.000
m2/month)

Automatic Food bans Social Automatic fish consumption ban when 137Cs content in fish
is  >1000 Bq/kg. In practice, every year since 1986

IMPACT OF STRATEGIES
The MOIRA system can be used to obtain a large number of intermediate results, either
directly from the user’s interface or from the individual sub-models. However, only
those used to characterize the selected attributes of the overall utility function are
automatically transferred to the MAA module. The matrix of relevant results for the
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above described intervention strategies is included in Table 2. Each row of the table
constitutes one of the vectors (x1

q,..., x1 7
q) of equation [1]. As can be observed, only 8

attributes of the tree are activated, the other having no impact; this can be represented by
automatically assigning weight 0 to the corresponding attributes (wi = 0). A similar table
can be directly obtained from the MAA module (Figure 2) where the non-activated
attributes are represented by shading.
Table 2. Impact of the seven alternative strategies in terms of their attribute
values.

Intervention
strategies

(Acronym)
LEI

Absorbed
dose to

fish
(mGy)

Effective
dose to
critical

individua
l (mSv)

Collective
effective

dose
(mSv

person)

Amount
fish

banned
(Tons)

Effective
ban

duration
(months)

Cost to
economy

(¤)1

Cost of
application

(¤)1

No Action 1.33 1760 291.4 6.82 E+4 0 0 0 0

Potash 1.33 1612 273.7 6.39 E+4 0 0 0 2.64 E+4

Fertilizer 1.63 1446 244.4 5.69 E+4 0 0 0 5.29 E+2

Lake Lime 1.33 1294 222.5 5.17 E+4 0 0 0 2.64 E+4
Wetland
liming 1.42 1398 233.2 5.42 E+4 0 0 0 5.28 E+4

Sediment
removal 1.33 1119 200.8 4.64 E+4 0 0 0 1.90 E+8

Automatic
Food bans 1.33 1760 11.2 6.15 E+2 313 125 3.43

E+5 0
1 The costs were calculated using assumed unit costs in ¤, no site specific information was collected; in
this sense, the figures obtained are only valid to exercise the system and no other conclusions about the
best strategy for Lake Kozhanovskoe should be extracted.

Figure 2. Table displaying the contents of the strategies file in the MAA module.
Warning messages are displayed when attribute values are out of the assigned ranges
for the default utility functions. Information and changes in the utility functions of each
attribute can be obtained by directly on the Leaf X buttons in the upper part.
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Ranking the strategies
The next step involves evaluating each of the selected strategies by using the multi-
attribute utility model [1] to help identify the best one. To determine such a function we
need to specify:

1) The component utility functions vi for each evaluated measure;
2) The weights or scaling factors  wi, for each component utility functions.

To facilitate a quick assessment, default options have been provided for both in the
MAA module. For the utility functions vi , very simple, linear functions have usually
been used. Warning messages are issued by the system if attribute values are out of the
range of the default utility functions. For instance, a look to Figure 4 indicates that
values of the attribute “duration of restriction II” are out of range: effectively, the
default utility function is defined in the interval [0 , 120 months], while in this case, the
automatic food ban goes up to an effective duration of 125 months. Then, the first step
was to expand the range of the utility function just up to 125 months. This and the rest
of default utility functions are represented in Figure 3. In any case, it is recommended
that the user look to the utility functions and modify them to adapt them to her/his
preferences and to the values obtained for the corresponding attribute. However, the
default utility function for the Lake Ecosystem Index (see upper left cell in Figure 3)
was extensively justified (Brittain et al., 2000; Håkanson et al., 2000) and should not be
changed by the user. The ideal ecosystem status corresponds to LEI=1 (utility=1), while
values above 2 are associated with very poor ecosystem status, and a value LEI=5 would
imply total ecosystem destruction (utility=0).

Weighting factors are automatically set to equal weight for all the activated branches that
joint at the same node, as shown in Figure 4 for this case. The combination of all the
weighting factors along the path from the overall objective to a given attribute will result
in the wi factors of equation [1], that can also be graphically displayed (see Figure 5).

Figure 4. Display showing the active branches, attribute values for a given strategy,
and the intermediate weights used at the tree nodes.
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Lake Ecosystem Index

LEI=1 would be the ideal ecosystem situation, while 5 implies
total ecosystem destruction. Above 2 is poor ecosystem
condition.

Absorbed Dose to Fish (mGy)

Arbitrarily we set a decreasing function in three linear segments
with vertices at 1 Gy (utility 0.5) and 2 Gy (utility 0.25). 10 Gy is
considered dangerous for many fish species (utility 0).

Effective Dose to critical Individuals (mSv)

In this function it is assumed that an effective dose above 250 mSv
would be unacceptable and the response is  linear.

Collective effective dose (mSv person)

Due to the recognized linearity of risk with the dose received, it
seems logical to use a decreasing linear function.

Amount of fish affected by bans (Tons)

Logically decreasing behaviour, assumed linear as a first attempt.

Duration of food bans (months)

Logically decreasing behaviour, assumed linear as a first attempt

Cost to Economy of food bans (¤)

Logically decreasing behaviour, assumed linear as a first attempt.

Cost of application of physical / chemical
measures(¤)

Logically decreasing behaviour, assumed linear as a first attempt.
Figure 3. Default utility functions used in the first ranking of strategies.
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These weighting factors and the default utility functions were used to obtain a first
ranking of strategies, as shown in Figure 6. In this first ranking, it appears that
“Automatic food bans” can be the optimal strategy among those analysed, while “No
action” appears to be very poorly valued. Between the chemical countermeasures, lake
liming seems somewhat more effective than the others, while “sediment removal”, due to
its high cost, is ranked well below the chemical countermeasures.

Figure 5. Graphical display of the combined weighting factors used in the overall
utility equation [1].

Figure 6. First ranking of strategies obtained with the default utility functions shown in
Figure 4 and the weighting factors displayed in Figures 4 and 5.

SUBJECTIVE IMPACTS
One main objection to the first ranking obtained is that factors that may be very
important as the “stress related health effects” or the “cost of image” were not taken
into account in the decision analysis. Therefore, it may be sensible to activate the
corresponding nodes and elicit the DM to assign utilities (or degrees of impact) to the
different strategies tested. However, it can be difficult to assign a precise value for such
attributes. One way to deal with that question is by assigning intervals (upper and lower
values of the estimated impact of each strategy with respect to these attributes) and
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verifying the impact on the resulting ranking. This has been done and results can be
seen in Table 3.

The main conclusion  is that the basic ranking is not altered, with “Automatic food
bans” and “lake lime” always on top of the ranking, and “No Action” at the bottom.
The other chemical countermeasures are in the central positions of the ranking, together
with the “Sediment removal” strategy.
Up to this stage no modifications were introduced, neither in the equal weight assigned
in each node to the joining branches, nor in the default utility functions. Obviously, the
next step would be asking the DM about the validity of these assumptions that may not
reflect her/his preferences.

Table 3. Impact of the seven alternative strategies with regard to “stress related
health effects” and “cost of image” (lower and upper estimates).

Lower estimate Upper estimate
Intervention

strategies
(Acronym)

Initial
ranking

&
utilities

Stress-
related
health
effects2

Cost of
Image3

Resulting
ranking &

utilities
Stress-
related
health
effects2

Cost of
Image3

Resulting
ranking &

utilities

No Action 7 (0.190) 70 50 7 (0.280) 80 70 7 (0.238)

Potash 4 (0.336) 50 30 3 (0.421) 50 50 3 (0.388)

Fertilizer 5 (0.343) 50 30 6 (0.395) 50 50 6 (0.361)

Lake Lime 2 (0.397) 50 30 2 (0.443) 50 50 2 (0.410)
Wetland
liming 3 (0.373) 60 40 5 (0.397) 60 60 5 (0.364)

Sediment
removal 6 (0.257) 20 20 4 (0.418) 30 40 4 (0.377)

Automatic
Food bans 1 (0.539) 30 70 1 (0.483) 60 90 1 (0.425)

2 In a subjective scale (0-100) it would represent how a given strategy can affect public health due to the
stress or reassurance induced in the general population affected by the strategy (0=full reassurance, very
beneficial; 50=neutral; 100=very stressful strategy).
3 In a subjective scale (0-100) this would represent the indirect economic cost caused by the
contamination of the lake to the full region in which it is located, due to reluctance of markets to
products, even not contaminated, tourism recession, etc. (0=no cost; 50=moderate cost; 100=very high
cost affecting the full region).

Utility FUNCTIONS assessment
The evaluation module includes a simplified method in order to define segmented linear
component utility functions vi . This may be very useful in many cases if the limits or
constraints in the attribute values are well identified. For instance, with respect to the
radiation “effective dose to critical individuals”, we can suppose that below the limits set
by radiation protection standards for members of the public (1 mSv effective dose per
year), the utility of a strategy would be very high. In the case of the Lake Kozhanovskoe,
the calculation is extended for more than 15 years, and consequently, utility 1 would be
assigned to such strategies that give an  effective dose below 15 mSv. On the other hand,
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an existing dose above 10 mSv/year (150 mSv in the 15 year period studied) may justify
intervention (Gonzalez, 2000), and therefore a strategy with that dose level would  not be
very good, so we assign to it a low utility (0.25) that goes to 0 beyond the double of that
value (at 300 mSv). With these three intermediate points, a new utility function has been
defined, as shown in Figure 7.

Figure 7. Definition of a linear value function in the MAA module.

However, after implementing this new utility function in the example analysed, no impact
on the strategies ranking is observed, while the weight assigned to this attribute and
finally to the health and social impact are not modified.

An alternative and more complete method for eliciting utility functions is implemented in
the MAA module. It is based on the combination of two slightly modified standard
procedures for utility assessment: the fractile method that belongs to the class of
certainty equivalent (CE) methods and the extreme gambles method, one of the
probability equivalent (PE) methods (see Farquhar, 1984).

This combination of the two methods is intended to mitigate bias and inconsistencies
that may be generated in the elicitation process. In both methods, 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 and
leads to obtain more robust utility functions (Ríos et al., 1994). Also, the responses
given by both methods are compared 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 are obtained from both methods: with the CE
method for three probability levels (p1=.25, p2=.50 and p3=.75), and with the PE method
for three attribute levels corresponding to the upper bound values obtained with the CE
method.

We have performed such an exercise to modify the default utility function of the “Cost
of application” of countermeasures. We (adopting DM’s role) can suppose that
budgetary constraints may make very expensive countermeasures almost impractical. In
this case we considered a threshold of about 100 million Euro (M¤), that we wish to
avoid, and give it a very low utility, meaning that only in those cases in which no other
alternatives were available, could such budgetary effort  be afforded. On the contrary,
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countermeasures costing less than about 20 M¤ could be easily adapted to the budget,
and their utility should be very high. With these reasons in mind, we run both methods
obtaining the boundary utility functions shown in Figure 8. The intermediate points of
the intersection area are then taken as the new utility function for the attribute “Cost of
application”, as shown in Figure 9. Again, this modification alone had no impact on the
strategy ranking.

Figure 8. Ranges of the utility function v1 obtained by two methods, and their
intersection area.

Figure 9. Fitted utility function for “Cost of application”.

Finally, for attributes with subjective scales, utilities may be introduced directly by hand
on a ‘thermometer’, or sliding bar, scale (see Figure 10). In this case this was not used.

Figure 10. Direct assignment of the utility for each strategy.

Assessment of scaling factors
To get the additive utility function, we also need the positive scaling constants or weights
wi , which allow us to add the separate contributions of the different attributes to obtain
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the total utility. Hence, the MAA module provides two alternative procedures for
assessing such weights, which can 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 objectives hierarchy.

Weights can be assessed 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. Beginning with the attributes and then continuing the assessment in
ascending order of the hierarchy, the two alternative methods for assigning weights, as
implemented in the MAA module, can be observed in Figure 11. As in the case of utility
elicitations, imprecision is assumed, allowing the DM to provide an interval, rather than a
unique value, and the system computes the corresponding precise normalised weights.

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

Figure 11 . Different windows of the MAA module facilitating the assignment o f
weights and the ranges for sensitivity analysis for a given objective.

In this example, since the number of attributes that intervene in the process is relatively
low, we have preferred a direct assignment of weights that resulted in the weights
displayed in Figure 12a, with the final  wi factors of equation [1], that can be seen in
Figure 12b. To start the process, simple relations between objectives have been chosen.
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The resulting impact on the strategies ranking can be observed in Figure 13. The higher
weight assigned to the “social impact” results in the “Automatic food ban” strategy
being clearly more preferred that the other strategies, which keep their relative ranking
unchanged, although all of them receiving significantly lower values than in the previous
cases.

(a)

(b)

Sensitivity analysis in the decision model
An important and distinctive feature of the MAA module is its extensive facility for
visual interactive sensitivity analysis, which enables DMs to explore the implications of
changing objectives, weights and utilities on-line, and to observe their impact on the
ranking of alternatives, providing an easy way to investigate sensitivity issues.

The module also includes a sensitivity analysis (SA) facility to gain additional insight
about the influence that a given objective may have on the ranking of strategies. It
indicates the range within which a given weight may vary without altering the overall
ranking of the evaluated strategies. With respect to the case studied, Figure 14 is
showing the ranges of variation for several objectives, although retaining the ranking
shown in Figure 13.

Figure 12. Graphic displays
of (a) the tree of objectives
showing the weighting factors
chose and (b) the resulting wi
coefficients for the overall
utility equation [1].
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Figure 13. Resulting ranking after application of the weighting factors shown in Figure
12.

Given the close values obtained for the overall utilities of several strategies, small
variations in the weight assigned to the “Economic Impact” objective, will cause
changes in the relative position of the strategies. For instance, a change in the weighting
factor for “Economic Impact” from 0.25 to 0.3 (keeping the other two weighting
factors within their stability intervals) will lead to a new classification in which
“Sediment removal” (the most expensive strategy) goes down to the sixth position.

It is interesting to observe the low sensitivity to the weight assigned to the “stress-
related health effects”, obviously conditioned by the values given to this attribute (Table
3), basically the same for all the chemical countermeasures. It may be surprising that the
weight assigned to the dose to critical individuals, and even for collective dose, would be
of little consequence. Any value assigned to these weighting factors would leave the
ranking of strategies unaltered. Effectively: the critical point in this sense is the weights
that are assigned to the “Social impact” and the “Health impact” objectives, which the
radiation dose may affect. An obvious consequence is that, after observing the low
sensitivity to many of the weighting factors assigned to attributes, the DM can focus
her/his attention on the weight  given to the more general objectives, and to those
attributes showing a higher sensitivity.

EXPLORING NEW STRATEGIES
The MOIRA system may be used at any stage to add new strategies or subtract those
that produce  a poorer score. This can be shown through the following example: Giving
the good score that “Automatic food bans” and “Lake lime” strategies have obtained, it
may make sense to test new strategies based on these. We have tested two new strategies
“Auto+liming” and “Double Lake Liming” described in Table 4 together with their
resulting impacts.

If we compare these impacts with those reported in Tables 2 and 3, we can observe that
only the “Auto+liming” strategy represents a real improvement in several objectives, at
no excessive cost. This makes it the best in the ranking, as Figure 15 shows. “Double
Lake Liming” does not seem such a good option, since it is more expensive than the
“Lake Liming” strategy tested before and it worsens the ecosystem status ( higher LEI).
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Environmental Impact Social Impact

Economic Impact

Health Impact Other Effects (Stress-related health effects)

Effective dose to critical individual Intangible Effects (Cost-of-Image)

Figure 14. Sensitivity Analysis showing the ranges of variation in the we ight
assigned to different objectives, but retaining  the overall ranking between the
strategies evaluated.
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Table 4. Description and impact of the two new alternative strategies tested**.

Interventio
n strategies
(Acronym)

LEI
f i s h
( m Gy )

do se  t o
c ri t i c al

( m S v )

Collective
effective

dose (mSv
person)

Stress-
related
Health
Effects

2

Amount
f i sh

banned
(Tons)

Effectiv
e ban

duration
(months

)

Cost to
econom

y (¤)1

Cost of
applicatio

n (¤)1

Cost
o f

Image3

Distribution of 400 Tons of lime each year between 1987 and 2001 (100 Tons/month from May to August)Double
Lake
Liming

1.5
0 1119 216.8 5.02 E+4 50 0 0 0 8.56 E+4 30

Combination of the strategies “Automatic food bans” and “Lake lime” described in Table 1Automatic
Food bans +
Lake
Liming

1.3
3 1294 11.1 7.06 E+2 30 313 125 3.43

E+5 2.64E+4 60

**See footnotes 1, 2 and 3 in Tables 2 and 3.

Figure 15. Resulting ranking after testing two new strategies: “Auto+Liming” and
“Double Lake Liming”.

CONSIDERING UNCERTAINTY IN ATTRIBUTES
In the steps previously described we have tested the sensitivity of the final

decision to the different components of the overall utility function [1]. However, all
the cases were presented under the implicit assumption of certainty in the attribute
values displayed in Table 2 and Figure 2, i.e. we assumed certainty in MOIRA models
predictions. We also introduced subjectively valued attributes, which are considered
difficult to model and value.

The immediate questions any DM would ask before trusting  the MOIRA
system as a tool in aiding decisions are:
- how would the ranking between strategies change if we could not assume certainty

in the MOIRA predictions about the impacts caused by the different strategies?,
and

- how would it change if the subjective valuation of stress-related health effects and
cost of image caused by each strategy is totally uncertain?

To help answering these questions, the MAA module allows the user to input
her/his own estimates of uncertainty of each attribute. The software will calculate, on
the basis of the above estimates, the overall uncertainty relevant to the ranking of the
selected restoration strategies. Obviously, the overall utility function [1] in MAA will
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be defined as a “band” around average values instead than as a single value.

Starting with the second question in the case studied, if we asked our DMs and
they estimated that the relative deviations in assessing the importance of “stress-
related health effects” and “cost of image” could be, respectively, of ± 40% and
±50%. This values can be input to the system through the Table displayed in Figure
16a. By clicking in the “using attribute deviations” tick-box, minimum and maximum
values of the attributes will be used and three values (minimum, average and
maximum) will be found for the overall utility of each strategy, which can be then
represented as in Figure 17a.

In a second step, we also provided deviations for the other attributes, as can be seen in
Figure 16b, with the result shown in Figure 17b.
Looking to Figure 17, the first impression is that the ranking obtained before would be
not altered. However, a closer study of the result obtained indicates that under some
combinations of impacts the ranking could change significantly, for instance, between
the six central strategies. However, there is a clear tendency to rank  “Auto+liming” or
“Automatic food bans” first. The “No Action” strategy, in this case, seems always far
from the optimum. Also, the unavoidable uncertainty in subjective impacts is not critical.
This can also help to advise not to put a major effort in reducing these uncertainties. In
conclusion, the MAA MOIRA system  helps to discriminate the useful strategies in a
very efficient way, even under uncertainty in the models used to assess the
environmental impact, dose assessment and cost of countermeasures. It is legitimate to
affirm that MOIRA is indeed an excellent tool in decision-making.

(a) (b)

Figure 16. Attribute uncertainty considered in the test case. (a) Deviation only in
subjective attributes; (b) deviation in all attributes considered in the example.
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(a)

(b)

Figure 17. Ranking obtained for the analysed strategies, when the attribute deviations
showed in Table 16 (a) and (b) are considered.

Conclusions
The evaluation module of MOIRA system is 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 area in
order to identify optimal intervention strategies. Countermeasures are then evaluated and
ranked from an additive multi-attribute utility model representing the experts'
preferences. The methodology and the module described are implemented in a Visual
C++ program, with a user-friendly interface and visual aids to incorporate and analyse
all process-relevant information, including imprecision regarding value assignment. The
full interactivity of the system helps performing sensitivity analyses of weights and
values, as an aid for choosing a final strategy.

The practical analysis described, based on post-Chernobyl contamination of Lake
Kozhanovskoe in Russia, has shown the potential use of the MOIRA system and, in
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particular, of the MAA methodology as implemented in the system, to effectively guide
decisions in searching for an effective and optimal use of the available resources.
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