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Abstract

In a nuclear emergency, protective actions such as evacuation, sheltering and food bans can be
taken to mitigate the consequences of any release of radioactivity. Within the robos project, an
evaluation framework has been developed to support the assessment of the costs and benefits of
potential actions. In order to help the decision makers gain insight into the decision problem and
clarify their preferences, guidance can be given in three stages. First, the search of feasible
portfolios of protective actions is seen as a constraint satisfaction problem; only those portfolios
that satisfy constraints depending on factors such as feasibility are worth further evaluation.
Second, the portfolios are ranked based on their consequences and the preferences of the decision
makers using either a multi-attribute value or utility function. Third, a natural language report
explaining the ranking is produced to help the decision makers gain insight into the decision
problem and refine the decision parameters. An intelligent decision system has been developed to
demonstrate the feasibility of the framework. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

ropos [1,2] is a Real-time On-line DecisiOn Support system designed to provide
off-site emergency management in the event of a radiation accident. Its primary goa is
to promote a harmonised and coherent response to any future nuclear emergency in
Europe. The ropos system collects and presents to the decision makers radiological,
meteorological, geographic and demographic data. It also analyses and predicts the
current and future radiological situation using meteorological, hydrological and other
models.

In a nuclear emergency, there are several countermeasures that can potentially
mitigate the consequences of the accident: i.e., protective actions that can eliminate or
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reduce the adverse effects of the accident. The rRobos system simulates early counter-
measures such as evacuation and issue of iodine tablets and it calculates their benefits
and disadvantages. It also simulates later countermeasures such as food bans, changesin
agricultural practice, clean-up actions and resettlement; but we shall not discuss these
aspects here.

If a radiation accident occurs, the decision makers will have to take complex
decisions. They will have to take into account several factors such as heath and
psychological effects, public acceptability of their actions and financial costs in the later
phases. ropos will provide them with al the information they need about the radiol ogi-
cal situation and the consequences of any potentia countermeasures. However, the
amount of information the decision makers would have to process could be very large
and it is doubtful whether they would be able to take a decision considering all the
important factors. In order to help the decision makers make more rational decisions and
promote consistency in their decision-making, an evaluation system (Esy) has been
developed. The esy evaluates and ranks alternative strategies. A strategy can be defined
as a combination of countermeasures applied to different areas around the nuclear plant.

A significant problem in nuclear emergencies is that there is substantial uncertainty.
For example, there are uncertainties on the weather conditions during and after the
accident, the source term, the radioactivity measurements, the models used to make
predictions and the judgements elicited by the experts. All these uncertainties are
reflected in risk estimates and can reduce the value of the results presented to the
decision makers. Communicating risks in a nuclear emergency is therefore an issue of
paramount importance. However, in a number of elicitation exercises [3] organised to
identify the needs of the decision makers during a nuclear emergency, it was obvious
that the decision makers found it very difficult to react in a sophisticated way to any
uncertainty. Rather they assumed that the worst would happen, replacing uncertainty
with certainty.

The ESY supports decision-making throughout all the phases of a nuclear emergency.
There are different requirements at each phase. During the early phase (hours or days
after the accident), the decision makers are under pressure to take a decision in a short
period of time. At the medium phases (days or months after the accident), the decision
makers have more time to balance the costs and benefits of the protective actions.

The ESY provides decision support not only in the evaluation of the strategies but
also in the formulation and appraisal of the decision problem. An overview of the ESY
is given in Section 2. Section 3 discusses how the ESY generates feasible strategies
worthy of further evaluation. The evaluation process is described in Section 4. Section 5
presents some results. The ESY is compared against other evaluation systems in Section
6. Conclusions are given in Section 7.

2. An evaluation system for nuclear emergencies
In rRoDOS there are three types of modules:

- Analysing subsystem modules (asy) that process incoming data and predict the
radiological situation at the present and in the future.
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Countermeasure subsystem modules (csy) that simulate countermeasures such as
evacuation, sheltering and food ban and calculate their costs and benefits.

Evaluation subsystem modules (Esy) that evaluate and rank countermeasure strate-
gies, i.e., combinations of countermeasures based on their potential benefit and the
preferences of the decision makers.
The esy (Fig. 1) provides decision support by helping:

1. Formulate the decision problem.

2. Evauate the strategies.

3. Appraise the decision process.

An early step in the formulation of the decision problem is to identify the objectives
of the problem, i.e. what the decision makers are trying to achieve by taking a decision.
Elicitation exercises [3,4] have been organised to investigate the attributes, i.e. the
factors that the decision makers should take into account. The decision makers found it
very difficult to articulate the factors that would drive their decisions in a nuclear
emergency. Despite their difficulties an attribute tree was built during a Finnish
elicitation exercise [4]. The attributes considered in the Esy are based on these findings.
They differ depending on the phase of the nuclear emergency. This is because at later
phases the decision makers will have more time to consider more attributes and balance
the short with the long-term conseguences of the strategies over different age groups.

___________________________________________________________________________________

ESY module
RODOS
Consequences of
countermeasures
CSY Constraint] * 1
modules -l details | | Coarse List of Rankin Refinement | pipe Report/
; : Expert strategies Moduleg Ranked Expert Explanation
: ASY J 5 System short list System |
¢ | modules| : !
; Sensitivity G,Tilgbl:t:f/
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_J

1

Final Decision

Fig. 1. An overview of the Esy.
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A significant step in the formulation of a decision problem is the identification of the
aternatives. In this study, aternatives are the strategies that impose different counter-
measures in the contaminated by radiation areas. There are decision problems where it is
very hard even to find one alternative. However, nuclear emergencies fal into a
category of decision problems where the number of alternativesis very high. In order to
decrease the number of alternative strategies to a manageable fraction, a coarse expert
system [5] has been developed. This expert system encodes constraints in the form of
desirable characteristics of strategies or in the form of practicality rules. Strategies that
fal to satisfy the constraints are rejected.

After supporting the decision makers in the formulation of the decision problem by
identifying feasible strategies and suggesting appropriate attributes, the sy provides
decision support in the ranking of the strategies. It currently uses an additive value
function to rank the strategies based on the weights elicited by the decision makers and
the consequences of the strategies over the attributes as calculated by other countermea
sure subsystem modules in ropos. The Esy design alows an exponential multi-attribute
utility function to be used to model the inherent uncertainties of a nuclear emergency.
However, until we have further explored uncertainty issues with decision makers, this
modeling has not been fully implemented nor tested. Sensitivity analysis is conducted on
the weights of the attributes to find out how they affect the ranking of the strategies.

The output of the Esy is a ranked short list of the best 10 strategies. In order to add
transparency into the evaluation process and appraise the final ranking, the esy uses the
fine expert system (Fig. 1) to generate a natural language report [6] explaining why a
strategy was preferred over another. This is crucia for the acceptance of the results of
the system. It has been shown [7] that the dogmatic advice of a decision support system
is very likely to be rejected even if it is mathematically correct. Apart from providing
sound advice, the esy should also justify its reasoning.

3. Generating feasible strategies
3.1. Congtraints

The coarse expert system facilitates the search for good alternative strategies, which
could be carefully evaluated later. The first step in this processis to decide which factors
(see Table 1) the decision makers should take into account when selecting the strategies.
Attributes can then be defined to measure the level of achievement of a strategy on each
factor. Finally, we define the criteria that determine the inclusion of a strategy or its
exclusion from the decision process. The criteria or constraints considered in this study
for the early phases of a nuclear emergency (hours or days after the radiation accident)
are outlined below.

3.1.1. Evacuation countermeasure constraint
Evacuation in nuclear emergencies refers to the remova of population from an area
in order to avoid relatively high short-term exposures to radiation. This countermeasure
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Table 1
Criteria used in the preselection process
Factor Attribute Congtraints/ Criteria
for inclusion for exclusion
Feasibility of evacua=  Time needed to evacuate  Strategies where time  Strategies where time

tion

Intervention Levels

Continuity of treat-

ment

Direction of release

Feasihility of counter-
measures. Resources
and infrastructure
available

an area

Level of averted dose

Location of an area with
respect to neighbour ar-
eas where action is taken

Areas affected by the
plume of radiation

Feasibility of counter-
measures or combina-
tions of countermeasures

needed for the evacuation
< minimum  estimated
time for safe evacuation
Strategies with averted
dose < Low intervention
level

Strategies which take ac-
tion in a continuous way
i.e. both to areas close
and far away from the
source of radiation

Strategies which apply
countermeasures to areas
where the plume of radia-
tion passes over
Example: Strategies that
impose the distribution of
iodine tablets only in ar-
eas where there is the
manpower and the infra-
structure to do so

needed for the evacuation
> minimum  estimated
time for safe evacuation
Strategies with averted
dose > Upper interven-
tion level

Strategies which take ac-
tion in areas located far
away from the source of
radiation and not at
neighbour areas close to
the source of radiation
Strategies which apply
countermeasures to areas
not affected by radiation

Example: Strategies
which impose evacuation
and sheltering simultane-
ously at the same area

has the potential to prevent al exposure to arelease if it is carried out before the release.
However, it can result in high doses if it is incorrectly implemented. If it isimplemented
after the release, partial exposure to radiation can be expected. More specifically, while
people are being evacuated, they are protected less against radiation than if they
sheltered inside solidly constructed buildings. For that reason, people should be evacu-
ated during or after a release only if they receive less dose than they would receive if
other countermeasures were applied.

3.1.2. Intervention levels constraint

These encode international and national guidance [8] on when it is appropriate to
implement a countermeasure. They are defined as levels of averted dose at which a
particular countermeasure should be taken. They can be used in conjunction with action
levels, which are usualy levels of contamination above which action should be taken. If
a two-tier system of intervention levels [9] is adopted then a particular countermeasure
should be implemented if it could avert dose more than the upper intervention level. On
the other hand, if a countermeasure averts less dose than the lower intervention level
then it should not be taken. If the averted dose is between the two levels, then the
decision is left to the discretion of the emergency managers. It should be noted that
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intervention levels are used in the development of emergency plans and provide broad
guidance on intervention decisions rather than determining the best strategy.

3.1.3. Continuity of treatment constraint

Neighbouring populations should be treated in a continuous way during a nuclear
emergency. If countermeasures are applied to areas far away from the nuclear plant then
the same or more effective measures should be taken for people living closer to the
source of the release. It should be noted that in some cases this might not be necessary.
For example, at the time of the release, due to some meteorological conditions, the
plume of radiation may rise steeply and not contaminate the area close to the nuclear
plant. However, the same plume may contaminate heavily some areas far away from the
plant. In that case, purely radiological arguments would justify the implementations of
measures only for the areas that are affected. This is not advisable, though, because
people living close to the release point would never understand nor accept this and so
become subject to stress.

3.1.4. Direction of release constraint

The most influential meteorological factor in nuclear emergencies is the wind. The
wind direction in particular determines how the plume of radiation will spread and
which areas it will affect. There is no need in genera to apply countermeasures to those
areas that will not be affected by the plume. This is because taking measurements can
have a major disruptive effect to the personal and professional lives of individuals and it
should be avoided when it is not necessary.

3.1.5. Feasihbility of countermeasures constraint

In nuclear emergencies, some strategies may be infeasible because they do not satisfy
some time constraints. For example, it is not possible to issue iodine tablets to people
who have already been evacuated. Another factor that should be taken into account is
the availability of any resources and infrastructure for implementing a countermeasure.
If there is not such infrastructure then the countermeasure cannot be implemented.

The users can select or deselect any of the criteria through an interface. They can also
modify the criteria by changing their associated parameters, e.g. the intervention levels.
A strategy is decided to be worth further evaluation if it satisfies the criteria for
inclusion. These criteria can be treated as constraints. The problem of identifying
feasible strategies is therefore a constraint satisfaction problem. The coarse expert
system rejects those strategies that do not satisfy the given constraints. It should be
noted that the above constraints are examples. Other types can be coded in — for
instance, it would be possible to consider scheduling the order of evacuation in different
areas and constraints upon that aspect of the planning. Using constraint satisfaction
techniques can reduce significantly the number of strategies to be considered for
evauation. A detailed description of the methodology is given in Ref. [5].

Some strategies may have side effects or negative consequences that may inhibit the
actions of a decision maker. Risk is often associated with the entire spectrum of negative
side effects and their associated probabilities. An advantage of imposing constraints on
high negative effects is that we eliminate or reduce the probability of these serious side
effects occurring and therefore the risk linked with them.
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3.2. Modelling

At the early phases of a nuclear emergency, the countermeasures that the decision
makers could take into account are:
Issue of iodine tablets

Sheltering (in houses or emergency centers)

Evacuation

The number and type of countermeasures differs considerably. Some countries only
consider evacuation as a protective action and there may be no provision of iodine
tablets in some areas. At the medium phases, potential countermeasures could be to
relocate the population, decontaminate or take agricultural countermeasures such as food
bans, processing and storage of food, removal of animals and replacement of foodstuffs
in animals.

The area around the nuclear plant is divided into emergency planning zones and
sectors which form sub-areas called blocks (see Fig. 2). In this example, there are 17
blocks. The number of sectors and zones and, indeed, their shape varies between
different European countries. A countermeasure can be implemented throughout a block.

Fig. 2. Emergency planning blocks.
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If a village or town lies between two sub-areas, then the blocks can be re-adjusted so
that it is included in one block only. A strategy applies a countermeasure or a
combination of countermeasures to each block. The option ‘do nothing’ in a block is
also available.

4. The evaluation process
4.1. Consequence assessment

The severity of the health effects after a radiation accident depends upon two factors:
the composition of the source term and the quantity of the radionuclides released.
Radiation can affect irradiated individuals (somatic effects) or their descendants (heredi-
tary effects). Somatic effects fall broadly into two broad categories: non-stochastic and
stochastic. Non-stochastic effects occur when individuals are exposed to high levels of
radiation usually shortly after a release of radioactivity. Stochastic effects can appear
long after irradiation and the probability of them occurring is a function of dose without
a threshold.

Many factors determine the non-stochastic effects such as the amount of dose that a
person receives, the dose accumulation, the organs that are exposed and the exposure
pathway. A linear dose—response relationship (linearity hypothesis) can be used to
calculate the number of stochastic effectsin an irradiated population [10]. Individual risk
is measured by calculating a quantity known as the effective dose equivalent. However,
this quantity is not suitable for expressing risks of high levels of radiation. This is
because, there may be cases where individuals receive high doses on particular organs
that result in non-stochastic effects while their effective dose equivaent calculated as the
sum of the equivalent doses they received in al their tissues and organs might not rise
any concerns. For this reason, non-stochastic effects are calculated in RODOS using
hazard functions [11].

In this study, we assume that in a nuclear emergency most people will be exposed to
low doses of radiation and that they will suffer from stochastic effects. The rRobos
system uses different countermeasure subsystem modules to predict the health effects at
the early phases of the nuclear emergency [12] when there are a lot of uncertainties in
the estimation of the consequences and calculate the health effects at the medium phases
[13] when there are enough deposition measurements. It also contains other modules to
calculate the costs of implementing any countermeasures and to find optimum evacua-
tion routes at the early phases [12].

4.2. Attributes

The attributes taken into account when taking a decision can be structured to
hierarchies called attribute trees. The esy will provide default attribute trees to the
decision makers depending on the phase of the nuclear emergency. These default trees
will be decided prior to the installation of the Robos system in each country. As previous
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elicitation exercises have shown, differing groups of decision makers take into account
different attributes depending on their culture, experience, background and interests. At
the early phases, an attribute hierarchy could have the form of Fig. 3. The man
objective is to return to normal living conditions. More analytically the attributes are as
follows.

- Individual dose: This is the individual effective dose equivalent. Although collec-
tive dose (see below) seems to be the primary concern of the decision makers, this is
still an important attribute.

Collective dose: This is the sum of the individual doses over a population.
Decision makers were particularly interested in this attribute during the elicitation
exercises.

- Population number: The number of people potentially affected by the radiation
accident and involved in a strategy. Because it is hard to measure the public acceptabil-
ity of a strategy, the stress caused to the affected population and the feasibility of the
countermeasures at the early phases of a nuclear emergency, this attribute is used
instead. It can be seen as a proxy variable i.e. an attribute used because of its perceived
relationship to the objective.

- Cost: Few decision makers have considered it at all in exercises and none have
done so significantly. Nonetheless, we have included cost in the model for compl eteness.

Other attributes that might be of interest to the decision makers are the number of
thyroid cancers or other related cancers, the technical feasibility of implementing a
strategy and other political issues. Elicitation exercises are being organised to identify
attributes for the medium phases of a nuclear emergency. Potential attributes for these
phases are different types of doses like the individual and collective doses, thyroid and
effective doses received by or averted in different age groups (e.g. adult, 1 year old, 10
years old) over several periods of time (e.g. 1 year after the accident, 5 years or 50 years

ahead).
Normal
Living

Dose

| |
Individual] [Collective Population C
. . ost
dose dose in region

Fig. 3. An attribute tree.
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4.3. Multi-attribute value or utility function

The ranking module evaluates and ranks alternative strategies using a linear multi-at-
tribute value function:

U( X, Xg, .0 Xg) = Ly TWEX, (4.2)

where x; isthe score of the strategy on the ith attribute and w; is the weighting factor of
the ith attribute. The ranking module performs a detailed sensitivity analysis by
allowing the user to vary the w; and observe the change in the ranking.

Vaue functions assume that the attribute values are known with certainty. This
means that any uncertainty information is ignored. In order to deal with uncertainty we
need to adopt a multi-attribute utility functional form. A multi-attribute utility function,
u(Xy, Xy,..., Xg), would rank a strategy according to its expected value:

Ex,x,.... >(q(u( X1, Xo, 0 Xq)) = JU( X, Xg, -, Xg)AXg, 0 X5, A X (4.2)

where the expectation is taken with respect to the joint distribution of X;, X,,..., X, as
reported by other modules in RODOS.

Noting that, at least in the early releases of rRobos, the joint distributions will either
be reported as normal or in forms that may be approximated by normal distributions we
choose the form of u(-) to make the expectation easy to calculate. The form we have
chosen incorporates a single parameter reflecting risk aversion in addition to the weights
within the linear value function. We use an exponential utility transform of v(x,
Xoyenn xq):

= 0(X3, Xz, ... Xg)

P

U( Xy, Xp,... Xg) =1—¢ (4.3)
L= W X;
=1l-e  ,

The utility function satisfies mutual utility independence * between all subsets of
attributes and it is thus equivalent to the multiplicative multi-attribute utility function
studied, inter aia, by Ref. [14] and used extensively in applications. The exponential
transform implies constant risk aversion [14] but it seems likely to us that the decision
makers should be risk averse in emergency management situations. Moreover, there are
well-documented ways of assessing p [14,15].

The expectation of this functional form is very easy to take with respect to the normal
distribution. Essentially one notes that the expectation has the same functional form as
the normal moment generating function. If (X;, X,,..., Xq)T~ N(u, V), ie are
normal with mean vector p and covariance matrix V, then it can be shown that:

Swipi  w'Vw
Ex.x,..... xq(u(xl,xz,...,xq))=1—e*( P 2,,2) (4.4)

where w is the vector formed from the weights w, and w; the mean score of the strategy
on the ith attribute.

1 X is said to be utility independent of Y if preferences between lotteries with varying levels of X and a
common, fixed level of Y are independent of that fixed level of .
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Noting that exponentiation is monotonic, this means that strategies should be ranked
according to:

w'Vw
2p

L wopy — (4.5)
In other words, strategies will be ranked by alinear function with weights w;, applied to
the mean score of the strategy on the ith attribute with a term subtracted from the total
score that depends upon the covariance matrix associated with the strategy. The more
uncertain one is of the scores derived from the strategy the larger the term subtracted.
Another point that should be noted is that if al strategies give rise to the same
uncertainty as encoded by the covariance matrix V, the ranking is given simply by the
first term: a linear form.

In the ranking module, we can use the utility function forms (4.1) and (4.3) to rank
the strategies. The risk attitude parameter p may be subjected to sensitivity analysis
along with the w, parameters. We have not incorporated the form (4.4) yet. This is
partly because the countermeasure subsystem modules in rRobos currently calculate the
mean w but not the variance V, and partly because we are still exploring with decision
makers how to address the issue of uncertainty.

4.4. Generating a natural language report

Providing explanations in a decision support system is of paramount importance. In
nuclear emergencies in particular, the decision makers will be people with different
backgrounds ranging from scientists to politicians. Not al of them can understand the
mathematical model used in the esy for the ranking of the strategies. If no explanations
were given then the decision makers would be likely to reject the recommendation of the
system simply because they could not understand it.

The Esy uses an expert system which we call fine expert system to provide
explanation facilities. It is a fairly simple natural language generator. It first decides the
structure of the paragraphs and it then generates the text of the sentences using
templates. Slots in the templates are filled in dynamically with the names of the
strategies, the names of the objectives or some semantic quantifiers. For a detailed
description of how the Esy justifies its advice see Ref. [6].

5. Results

5.1. Nuclear accident scenario

Suppose that there is a nuclear accident. The technical crisis teams have analysed the
situation and have concluded that a release of radioactivity is expected to start in 4 h
time. The area around the source of the release is divided into 17 blocks with the source
at the center of the ‘spider’s web' (Fig. 4).
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8 Yodine + Sheltering + Evacuatiom

Fig. 4. Graphical display of a strategy.

If we consider 3 early phase countermeasures (issue of iodine tablets, sheltering and
evacuation) then there are 23 combinations of countermeasures that we can apply to
each block. Because in this example there are 17 blocks there are 2%°Y strategies to
consider in total. Analysing subsystem modules in robos predict that the plume of
radiation will affect blocks 1, 2, 3, 4, 9, 10, 11, 12 and 17 (see Fig. 4). The population
distributions and evacuation rates in the blocks affected by the radiation can be seen in
Table 2. The evacuation rates indicate how quickly an area can be evacuated and
whether evacuation can be implemented without any people being exposed to high

Table 2
Population distribution and evacuation rates in the areas affected by radiation
Block Population® Evacuation rate®
1 300 300
2 8878 1500
3 1432 1000
4 1707 700
9 4378 1000
10 12457 1700
11 7566 1000
12 4230 1200
17 657 1000

#Number of people in each block.
®Number of evacuated people per hour.
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Table 3
Start time and duration of each countermeasure
lodine tablets Sheltering Evacuation
) () (h
Start time 0 0 0
Duration 0 720 168

levels of radiation. The start time and the duration of each countermeasure (Table 3) are
user-defined parameters in Ropos. We consider O to be the current time. We assume that
issuing iodine tablets is instant. This happens for example when the tablets are available
at home.

According to the regulations composed by the International Commission on Radiation
Protection (ICRP) an intervention can be justified by considering the averted average
individual dose for the exposed to radiation population [8]. The intervention levels that
justify a course of action might vary in different countries. In this example, we use a
two-tier system of intervention levels (see Table 4) as suggested by the National
Radiological Protection Board (NRPB) in the UK [16] but we have set the values of the
intervention levels in accordance with the regulations of the ICRP which is an
international body. If a countermeasure averts dose higher than the upper intervention
level then it is amost aways justified to apply it. ICRP aso suggests that the decision
makers should find an optimised low intervention level for each countermeasure with
values no more than a factor of 10 lower than the values of the upper intervention level
[8]. In this example, the values of the low intervention are exactly 10% lower than the
corresponding values of the upper intervention level. The averted doses in each block
and for each countermeasure can be found in Table 5.

5.2. Generation of feasible strategies

The coarse expert system applies the constraints and it reduces the number of
strategies from 2% to 144. A description of each strategy is given in text form. For
example, strategies 56 and 140 are:

Strategy: 56/144 Strategy: 140/144

Block 1 : Issue of iodine tablets and evacuation Block 1 : Issue of iodine tablets and evacuation
Block 2 : Issue of iodine tablets and evacuation Block 2 : Issue of iodine tablets and evacuation
Block 3 : Issue of iodine tablets and evacuation Block 3 : Issue of iodine tablets and evacuation
Block 4 : Sheltering Block 4 : Issue of iodine tablets and sheltering
Block 5 : -- Block 5 -

Block 6 : -- Block 6 --

Block 7 : -- Block 7 --

Block 8 : -- Block 8 : --

Block 9 : Issue of iodine tablets Block 9 : Issue of iodine tablets and sheltering
Block 10 : Issue of iodine tablets and sheltering Block 10 : Issue of iodine tablets and sheltering
Block 11 : Issue of iodine tablets and sheltering Block 11 : Sheltering

Block 12 : Sheltering Block 12 : Sheltering

Block 13 : -- Block 13 : --

Block 14 : -- Block 14 : --

Block 15 : -- Block 15 : --

Block 16 : -- Block 16 : --

Block 17 : -- Block 17 : Sheltering
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Table 4

Intervention levels

Countermeasure Low intervention level Upper intervention level
(mSv) (mSv)

Issue of iodine tablets? 50 500

Sheltering® 5 50

Evacuation® 50 500

®Averted equivalent dose to thyroid.
PAverted effective dose < 1 day.
‘Averted effective dose < 1 week.

The strategies can also be seen through a graphical user interface. Different counter-
measures or combinations of countermeasures are depicted by different colours. Strategy
140 can be seen in Fig. 4.

5.3. Evaluation of the strategies

The 144 strategies generated by the coarse expert system are passed into the ranking
module and evaluated based on their consequences as calculated by the countermeasure
subsystem modules and the weights given by the decision makers. In order to compare
the strategies on the individual attributes, we need to find some meaningful scores.
Instead of comparing consequences over the attributes such as doses and cost (e.g., 11
mSv and 1.2 Mega-ECU) we can scale these values so that the strategy with the worst
consequence takes the score 0 while the strategy with the best consequence takes the
score 100. For example, if the most expensive strategy to implement is strategy A with
cost x* =20 Mega-ECU and strategy B is the cheapest one with cost x°=1.0

Table 5

Averted dose if a countermeasure is implemented

Blocks lodine tablets? Sheltering® Evacuation®

(mSv) (mSv) (msv)

1 810.1 233.2 1167.3
2 567.9 1634 817.2
3 540.7 132.8 799.4
4 1874 38.8 90.3
9 150.3 37.6 102.5

10 387.6 70.7 350.8

11 320.9 74.8 370.4

12 42.3 225 459

17 39.7 10.2 30.9

“Averted equivalent dose to thyroid.
PAverted effective dose in a day.
‘Averted effective dose in a week.
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Fig. 5. Weights of the attributes.

Mega-ECU then strategy A takes the score 0 and strategy B takes the score 100. Any
other strategy i costing x; Mega-ECU takes the score:

X, — x*

Sos(%i) = S5 0
Scaling the consequences of the strategies makes their scores on the attributes to be
more directly comparable. Using the above formula however, has the disadvantage that
we assume that 1.5 MegaECU is exactly halfway between 1.0 Mega-ECU and 2.0
Mega-ECU. This means that the value of increasing the cost of a strategy from 1.0 to 1.5
MegaECU is equa to the value of an increase from 1.5 to 2.0 Mega-ECU. Yet, there
might be some decision makers who do not agree with that. For this reason, we are

Fig. 6. Displaying the 10 best strategies.
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planning to add to the Esy an interface where the decision makers will be able to draw or
determine their value functions over the consequences of the strategies.

The sy does not provide any facilities to elicit the weights w; of the attributes and
the risk attitude parameter p from the decision makers. The weight of an attribute is an
important decision parameter because it indicates how important the attribute is for the
decision makers. It has been shown [17] however, that the information presented to the
decision makers and the questions being asked to dlicit their preferences can influence
their decisions. Using a computer package could require from the decision makers to
input their preferences in a restrictive way and even make them biased because of the
framing of the questions asked. Besides, if preference dlicitation techniques were to be

FES Report

Strategy 140vs. Strategy 56

Return_to_Normal_Living

Strategy 56 provides slightly worse Return_to_Normal_Living than Strategy 140.

e This judgement takes into account the effects of Decrease_of Dose,
Decrease_of Population_Involved and Reduction_in_Cost.

e While Reduction_in_Cost is the main reason to prefer Strategy 56, this is outweighed by
considerations of Decrease_of Dose, along with other less important factors, that provide

motivation for preferring Strategy 140.

Decrease_of Collective_Dose

Decrease_of Collective_Dose is a compelling factor favouring Strategy 140 over Strategy

56.

e The importance of Decrease_of Collective_Dose in determining Return_to_Normal_Living is so
great that the relatively small difference between Strategy 140 and Strategy 56 is
nevertheless significant in this case.

e Strategy 140 provides reasonably better Decrease_of Collective_Dose than Strategy 56.
Strategy 140 provides very good Decrease_of Collective_Dose in the context of all available
strategies. Strategy 56 provides neither very good nor very poor Decrease_of Collective_Dose
in the context of all available strategies.

e Strategy 140 rates 84 relative to Decrease_of Collective_Dose on a scale from 0 to 100.
Strategy 56 rates 70 relative to Decrease_of Collective_Dose on a scale from 0 to 100.

e Decrease_of Collective_Dose accounts for 58 percent of the determination of Decrease_of Dose

and 36.2 percent of the determination of Return_to_Normal_Living.

Fig. 7. FES Report.
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introduced in the eEsy then the decision process would become complicated and
time-consuming and this could discourage users form using the system. We therefore
assume that the weights and the risk attitude parameter are elicited away from the esy
— for example in a Decision Conference prior to the installation of robos into a country
— and then are fed back to it. The decision makers however can see the effects of the
weights by using the sensitivity analysis tools provided by the esv. The explanation
report also gives insight into the way that the weights influence the final ranking of the
strategies and helps the decision makers to refine their weights and any other decision
parameters.

After calculating the scores of the strategies relative to the attributes we calculate an
overall score for each strategy using either the formula 4.1 or 4.3. In this example we
have used the additive value function (Eg. (4.1)) and the weights of Fig. 5. The higher
the overall score the better or more preferred the strategy is. The 10 strategies with the
highest scores are displayed to the decision makers (Fig. 6). Strategy 140 is considered
to be the best one. This does not mean that the decision makers should necessarily
choose it. They can conduct sensitivity analysis to find how robust the 10 best strategies
are or read the explanation report. Then they can choose the strategy they are most
comfortable with.

5.4. Report

The Esy can generate a report explaining why a strategy was preferred over another
relative to any attributes. In this example, we give an extract of the report which
explains why strategy 140 is better than strategy 56 (see Fig. 7).

5.5. ESY assessment

A preliminary questionnaire [18] has been recently distributed to assess the utility of
the esy. The system scored very satisfactorily in terms of performance, usefulness and
other criteria. The results are quite encouraging. Further evaluation and analysis are
currently under way.

6. Related work

Other systems that evaluate strategies in nuclear emergencies fall broadly into two
categories: evaluation systems for the early phases of a nuclear emergency and evalua
tion systems for the later phases. They use a variety of methods ranging from rule-based
systems to multi-attribute value and utility theory.

(1) cmpss (Crisis Management Decision Support System) [19] is a computer-based
decision support system for the evaluation of countermeasures, i.e. combinations of
activities that can reduce the ingestion dose form contaminated foodstuffs. cmpss is
tailored to Switzerland's legal system for handling nuclear emergencies.

(2) pacrooD [20] provides decision support when there is contamination on foodstuffs
caused by radiation. It uses a rule-based system where the knowledge is represented in



338 K.N. Papamichail, S French / Journal of Hazardous Materials 71 (2000) 321342

terms of assertions, i.e. actions (e.g. milk destruction) and observations (e.g. low
contaminated milk) as well as clauses that illustrate the logic dependencies between the
assertions.

(3) m-crit [21] [22] is another evaluation system developed in Robos. Contrary to the
ESY, it makes the assumption that the decision makers are sure of their preferences and it
tries to articulate their value judgements using an interactive implementation of the
piecewise linear approximation method.

(4) moirA (Model-Based Computerised System for Management Support to | dentify
Optimal Remedia Strategies for Restoring Radionuclide Contaminated Aquatic Ecosys-
tems and Drainage Areas) [23] is a decision support system that will assist decision
making on aquatic ecosystems contaminated by radioactive fallout. The system evaluates
strategies that have the potential to restore contaminated water systems like lakes.

(5) NcsrR's (National Center for Scientific Research) evaluation system for pre-re-
lease countermeasures [24] identifies an optimum combination of protection actions at
the pre-release phase of a radiation accident. It can work in the presence of conflicting
objectives and under uncertainty concerning the release of radioactivity and the weather
conditions.

(6) NcsrR's evaluation system for long term countermeasures [25] assists decision
making in determining long term protective measures such as improvement of living
conditions and relocation after a severe nuclear accident. The decision makers are given
only those strategies that are efficient and they can interact with the system to reach a
decision.

(7) Penry and Vanderpooten [26] describe a system for supporting decision making at
the medium phases of a nuclear emergency. Agriculture countermeasures such as
decontamination, processing, destruction and preservation can be mixed to form a
strategy (e.g. 30% of milk is destroyed and the remaining 80% is decontaminated). The
decision makers can interact with the system to restrict the set of the efficient strategies
or optimise a preferable strategy.

(8) PrANA Dss (Decision Support System for the Protection and Rehabilitation of
the Agrosphere after a Nuclear Accident) [27] is a decision support system for the
assessment of long-term countermeasures such as food bans, relocation of the population
and other agricultural countermeasuresin rural areas. It provides a variety of information
such as demographic and monitoring data, intervention levels and maps of the area

(9) raDE-AID (Radiological Accident DEcision AIDing) [28] is a decision support
system that helps the decision makers in the formulation of decisions concerning the
application of countermeasures such as agriculture measures and relocation after a
radiation accident.

(10) sora (Selects Off-Site Protective Actions) [29] is a model for the selection of
off-site protective actions such as evacuation and sheltering during nuclear accidents.
The model takes into account both radiological and non radiological risks, i.e. risks of
evacuation as well as weather conditions, actual releases and the status of the physical
plant and it can be used under uncertain circumstances.

Only a few evaluation systems incorporate a systematic approach for generating and
screening alternative strategies. sora [19] generates all the possible combinations of
activities. A panel of experts then screen out al the combinations that are infeasible or



K.N. Papamichail, S French / Journal of Hazardous Materials 71 (2000) 321342 339

inefficient. Papazogou and Christou [24] and Papazoglou and Kollas [25] use an
algorithm based on dynamic programming to determine the efficient set of the aterna
tives whereas Perny and Vanderpooten [26] employ a scalarizing function derived from
the Tchebychev norm for the same purpose. The ESY proposes constraint programming
as an alternative approach for identifying good strategies, worth further evaluation.
Constraint programming maodels the problem of generating strategies in a natural way
and it has proved to be very efficient [5].

Most evaluation systems use multi-criteria decision analysis techniques for the
evaluation of the aternatives. The esy employs the multi-attribute value theory model
whose use in radiation protection has been recommended by the ICRP [30]. With the
exception of cmbss, which outputs a short description of the strategies suggested, no
explanation facilities are provided by the other evaluation systems. The sy not only
outputs a list of the ten best strategies but it also justifies its advice and explains why a
strategy is preferred to another. The explanations given by the system add transparency
into the decision analysis process. If a decision maker is not satisfied with the
explanation provided, she can refine the decision model. In other evaluation systems, the
decison makers may have to spend considerable time in assessing the decision
parameters whereas in the esy they can start with a predefined set of parameter values
such as the weights of the attributes and then refine them as many times as they want
during the evaluation process.

Finally, most evaluation systems are intended to be used under specific circum-
stances. The Esy, however, is designed to operate throughout all the phases of a nuclear
emergency providing advice on both early phase countermeasures such as evacuation
and sheltering as well as agriculture countermeasures.

7. Conclusions

The main aim when applying a strategy in a nuclear emergency is to eliminate or
mitigate any adverse health effects. However, the implementation of a countermeasure
can cause socia and economic disruption and it might entail some risk to the population
affected and the workers involved. For this reason, the implementation of a strategy
would only be justified if its benefits in terms of reduced health effects outweighed its
disadvantages which include its financial cost and the social disruption that the strategy
causes. The Esy uses a multi-criteria decision analysis methodology to rank the strategies
and it helps the decision makers to balance their objectives. A short list of the
‘optimum’ 10-15 strategies is provided.

Even if a strategy is justified it cannot still be implemented if it is infeasible or if
intervention is not advised given the conditions of the nuclear accident. For example,
there might be protective actions with positive net benefit despite averting dose below
the low intervention level. Moreover, there might be strategies which are justified but
cannot be applied for practicality reasons. The sy screens out all those strategies which
are clearly inferior and evaluates only those that have the potential to be implemented.
Given that the number of strategies to consider can be very high, this screening process
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has the advantage of decreasing considerably the number of alternatives and therefore
reducing the evaluation time.

Decision making in nuclear emergencies should be transparent. The decision makers
will have to justify their actions to the public after a radiation accident. They would
never accept the dogmatic recommendation of any decision support system. In order to
make the decision makers trust the results of the esy we have incorporated explanation
facilities into the system. A natural language report is generated explaining why a
strategy is preferred over another. Work is under way to explain the sensitivity analysis
results and give an overview of the best strategies.

The sy provides a variety of tools to support decision making in nuclear emergen-
cies. It helps the decision makers not only in the evaluation of the alternative strategies
but also in the formulation and appraisal of the decision problem. More precisely, the
Esv identifies feasible aternatives worthy of further evaluation and eiminates those
strategies that have high negative side effects. Then the system ranks the strategies using
a multi-attribute value function. A multi-attribute utility function can also be used to
model the risk attitudes of the decision makers. The sensitivity of some decision
parameters such as the attribute weights can be tested using sensitivity analysis tools.
Finally, the system adds transparency into the way it ranks the strategies and justifies its
advice by offering explanation facilities.
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