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SUMMARY 

During the past few years several international organizations (ICRP, IAEA, OECD/NEA), in 
revising their radiation protection principles, have emphasized the importance of the rationalization 
and planning of intervention after a nuclear accident. An accident itself and the introduction of 
protective action entails risks to the people affected, monetary costs and social disruption. Thus 
protective actions, often including objectives which are difficult to control simultaneously, cannot 
be undertaken without careful contemplation and consideration of the essential consequences of 
decisions. Often during an accident there is not enough time for careful consideration. Decision 
analysis is an analyzing and thought guiding method forthc definition of objectives and comparison 
of options. It is an appropriate methodology assisting in rendering explicit and apparent all factors 
involved and evaluating their relative importance. The planning of intervention with the help of 
decision analysis is portion of the preparation for accident situations. In this report one of the 
techniques of decision analysis, multi-attribute utility analysis, is presented, as concerns its 
application in planning protective actions in the event of radiation accidents. 

3 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-B-VALO70 

CONTENTS 

page 

SUMMARY 

1 INTRODUCTION 5 

2 DECISION ANALYSIS 6 

3 OBJECTIVES AND ATTRIBUTES 8 

4 MULTI-ATTRIBUTE VALUE THEORY 9 

5 UTILITY THEORY 12 

6 UNCERTAINTIES CONNECTED WITH DECISIONS 19 

7 DECISION TABLES AND DECISION TREES 21 

8 GROUP DECISIONS 22 

9 PERCEPTION OF RISK 24 

ACKNOWLEDGEMENTS 26 

REFERENCES 27 

APPENDIX Multi-attribute utility analysis for the use of contaminated freshwater fish 29 

4 



STUK-B-VALO70 
FINNISH CENTRE FOR RADIATION 

AND NUCLEAR SAFETY 

1 INTRODUCTION 

Normative decision analysis entails careful, in 
particular quantitative, consideration be carried 
out before a decision is taken. The objective is to 
discover with the assistance of an analysis the 
action that best corresponds to the preferences of 
the decision maker. Normative or prescriptive 
decision analysis is not a descriptive model 
attempting to predkL what people do - what 
decision you, in fact, will make. It is a model to 
help the decision maker to think more clearly 
about his problem and to bring him further insight 
and understanding. An attempt is made to make 
explicit the preferences of the decision maker and 
his assumptions. The significance of weighting 
the valuations in the analysis is emphasized. 
Defining the background information or 
developing a simulation model is not enough for 
decision making if the preferences of the decision 
maker and the importance of the factors they 
indicate are not known. 

The objective of this study is to give a brief 
illustration of decision analysis and the 
application of the analysis when planning 

countcrmcasures in order to mitigate the 
consequences of a nuclear accident. The basic 
principle in planning protective actions is that 
intervention should be justified and optimized, 
i.e., the introduction of a protective measure 
should achieve more good than harm and the net 
benefit should be maximized. Decision analysis 
is a suitable method of assistance in solving 
societal problems of this type. 

A multi-attribute utility theory, constructed on a 
generally acknowledged theoretical basis, has 
been chosen as a method of analysis7,3"25, '*. It 
can also be applied to analyzing decisions 
including considerable uncertainties. The utility 
theory and its application to radiation protection 
are briefly illustrated in the report The example 
of the application of the utility theory contained 
in the appendix has been explained carefully. This 
is not always necessary, but the choice of an 
appropriate procedure for analysis should depend 
on the problem at hand, the decision maker and 
the time available. 
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2 DECISION ANALYSIS 

The purpose of decision analysis is to study how 
the objectives that have been set out can be 
achieved in the best way, a useful procedure when 
there are many objectives and their simultaneous 
control is difficult. The dilemma is that the 
decision maker has to trade off valuations the 
contents of which he cannot always be sure of. 
Nevertheless, weighting of valuations is an 
essential part of well-considered decisions. The 
significance of decision analysis for a decision 
maker who desires careful contemplation of his 
problem has, therefore, not been placed into 
question. 

To succeed in an analysis, the decision maker 
must be striving for a decision. Two different 
levels of objectives may be of the same value for 
him, but he cannot refuse to compare them. The 
same is true for decision options, which also 
always include the option of doing nothing. This 
zero option or delayed decision may be the 
optimal choice when chosen among all 
alternatives. Not to decide at all, letting the 
problem take care of itself, is also a decision but 
not a rational one. 

An overall analytic structure of the decision 
problem is common to all methods of decision 
analysis. In structuring the qualitative verbal 
descriptions of a system are translated into a 
mathematical model. A model is constructed in 
order to examine the options, consequences, 
preferences of the decision maker and the effects 
of uncertainties. The essence of decision analysis 
is to break down, with the model, complicated 
decisions into small pieces that can be dealt with 
individually and then recornbined logically. 
There arc certain distinguishable steps in the 
decision process: setting the objectives, finding 
out the suitable options, defining the 

consequences of the options, discovering the 
attitude of the decision maker to the consequences 
and finding the best possible solution from the 
decision maker's point of view. 

The first phase of the analysis is to identify the 
problem to be solved, the deciding organization-the 
true decision makers) and the purpose of the 
analysis. The analysis may well serve other purposes 
than leading to prompt decisions. The planning of 
protective actions in advance is the most common 
example. The second phase, developing an overall 
analytic structure means constructing a objective 
hierarchy and a decision table or a decision tree. The 
problem formulation is said to be a major part of any 
decision analysis. Once a decision maker is 
convinced that the formulation represents the 
problem in all its essentials, then that is the basis upon 
which the rest of the analysis is built3,7S. 

Multi-attribute utility theory is based on readily 
acceptable axioms. If a decision maker both 
accepts these axioms and is rational, he must then 
choose the option with the highest expected 
utility. Thus utility theory is normative. In 
practice, the theoretical method used as a basis for 
decision analysis is not always conclusive. The 
option logically corresponding to the subjective 
valuations of the decision maker can also be 
discovered by other methods, i.e. non-Baycsian 
methods, with their possible theoretical weak
nesses3. Of these, it is worthwhile mentioning, 
interactive multi-objective programming, 
analytic hierarchy process, fuzzy decision 
analysis, and cost-benefit analysis. 

A carefully performed decision analysis clarifies 
die thoughts of the decision maker and acts as a 
tool for communication. The analysis forces the 
decision maker to ponder fundamentally his 
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problem, preferences and choices, eliciting 
possible inconsistencies, thereby helping him to 
understand the problem better than before. The 
preferences of the decision maker can truly 
change, and are also allowed to do so, during the 

analysis. The analyst can control the progress of 
the analysis, but the rule of the decision mak r is 
always central, so that the analysis requires -
active participation. 
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3 OBJECTIVES AND ATTRIBUTES 

When searching for a solution to a decision 
problem, the objectives are typically presented in 
a general verbal form. For instance, the objective 
in radiation protection is "reducing the detriment 
caused by radiation". This main objective has the 
sub-objectives: minimizing health hazards, 
expenses due to counteimeasures, and negative 
soc.al consequences. All the important objectives 
are listed in the first stage. In order to check the 
list, the effects of a countermeasure can be 
divided into its general categories: health, safety, 
social, political, psychological and economic 
effects1. 

If crucial objectives are omitted from the list of 
objectives, the importance of the analysis as a tool 
for communication and the consideration of 
choices diminishes. For example, when deciding 
on issues which carry social implications, a public 
dispute on the analysis or its conclusions may lead 
to the exclusion of topics of essential concern to 
the population from the list. The willingness to 
omit topics increases if there is an attribute in the 
analysis that in itself contains a negative 
interpretation, such as "the unprocessed refuse 
released into nature" or a "health detriment" 
estimated in monetary terms. The latter example 
receives a more straightfoi'ward interpretation as 
an evaluation of human life in monetary terms 
than as a readiness to invest money in order to 
avoid a health detriment. A public discussion 
about a decision including an attribute of this kind 
renders the decision maker very vulnerable7,'. 

The political ramifications of a decision should 
also be considered in evaluating its consequences. 
If this slippery issue is ignored, the decision 
maker may be bitten by the decision after it is 
made. Also, being open and explicit about selfish 
values and motives helps the decision maker to 

benefit from the clarification of all his 
assessments25. 

In proceeding with the decision analysis from the 
main objeaives to the sub-ojectives, the building 
of an objective hierarchy is continued until such 
objectives are uncovered that have a level of 
accomplishment that can be measured on a 
numeric scale. This kind of numeric variable is 
called an attribute. Natural attributes are, e.g., 
immediate deaths, cancer cases or decrements in 
the lifespan. To be of use to the decision maker, 
an attribute should be both comprehensive and 
measurable. An attribute is comprehensive when 
the decision maker has a clear understanding, 
through knowing the value of the attribute, of to 
what extent the associated objective is achieved. 
The attribute is measurable when a probability 
distribution for each alternative over all the 
possible levels of the attribute can be obtained and 
the decision maker's preferences for the various 
possible levels of the attribute can be assessed. 

The relation between the main objectives and the 
sub-objectives is hierarchic. The extent to which 
the hierarchy of objectives is divided into 
sub-objectives, or the number of objectives is 
increased (decreased), depends on the problem. 
For example, the decision maker can, upon 
understanding the meaning of the attribute, 
complete the structuring of the hierarchy of 
objectives using subjective indices as scales for 
the attribute. A useful method is the completion 
of the decision analysis by using rough 
calculations in order to define the meaning of the 
objectives and attributes25. The choice of 
objectives and attributes has been described as the 
creative portion of the analysis, having a critical 
effect on the final result7. 
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4 MULTI-ATTRIBUTE VALUE THEORY 

The basis of utility theory is the subjective 
preferences of a decision maker, e.g., when he is 
considering poss;ble consequences. A rational 
decision maker's preferences should be 
consistent. If he, for instance, prefers option a to 
option b and option b to option c, he should always 
think that option a is better than option c 
(transitivity). This axiom, like many other axioms 
acting as the basis for decision analysis, is 
intuitively accepted in real life and is so attractive 
to people that it or the remainder of the axioms 
hardly seem to require further justification. The 
rationality of the decision maker, the axioms used 
as the basis of the analysis and the objections 
made to them have been discussed, e.g., by 
French3. These axioms mathematically formulate 
the demands of consistency required of the 
rational decision maker. The axioms connected to 
the utility theory are laid out by Ramsay (1931), 
von Neumann and Morgenstem (1947) and 
Savage (1954). 

The model of a decision maker's preferences are 
changed numerical by the ordinal value function. 
If the decision maker's preference for option a is 
at least as good as for option b, then there exists 
an ordinal value function v(.) representing these 
preferences. This important similarity between 
weak preference ordering and numerical ordering 
is mathematically expressed as follows: a 
real-valued function v(.) is an ordinal value 
function representing the decision maker's weak 
preference relation over a set of alternatives A, if 

v(a) 2 v(b) « 

a is at least as good as b for all a,b e A. The 
ordinal value function represents only the ranking 
of objectives in terms of preferences, the ordering 
of the real line. Value differences, mean values, 

etc. are meaningless. The origin and the unit of 
measurement can be chosen freely. 

When deciding on alternatives including several 
attributes, each alternative can be presented as a 
vector of attribute levels a = (ai,a2,...,aq). If we 
now want to represent the ordinal value function 
as the sum of one-dimensional functions, 

v(ai,a2 a,) = vt(aO + v2(a2) +...+vq(a,)> 

the preferential independence of attributes is one 
of the most essential features. 

Attribute X is preferentially independent of 
attribute Y, if for all x,x* € X, (x,a) is at least as 
good as (x*,a) for some a e Y, so (x,b) is at least 
as good as (x',b) for all b e Y. In other words, X 
is preferentially independent of Y. if the 
preferences of the decision maker between the 
two values of X do not depend on the value of Y, 
as long as it is the same for both values of X. For 
example, if the expenses of radiation protection 
action are fixed and the decision maker prefers a 
low dose to a high dose, the dose attribute is 
preferentially independent of the expenses 
attribute. If the dose is fixed and the decision 
maker prefers low expenses to high expenses, 
then the attributes are mutually preferentially 
independent. Preferential independence should 
always be verified before its use in an analysis7. 

The ordinal value function can be presented in the 
form of a sum: 

v(ai,a2,...,a„)=Lvi(aj) 

when the attributes are mutually preferentially 
independent. The function Vj is a one-attribute 
ordinal value function. Let me mention that the 
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mathematical basis for the analytic hierarchy 
process is in connection with the additive value 
theory. The additive value function is linear if the 
decision maker's preferences can be represented 
by a linear value function v(a) on the attributes a, 

v(a) = X iCi*. 

where the coefficients Ci are known as weighting 
factors. The linear value function can only exist 
when the attributes are mutually preferentially 
independent and there is a constant relative 
trade-off of qtJ between attributes a, and a, for all 
i,j, i.e., when the options 

(ai,...,ai,aj a„)~ (ai %+qyk.aj- k,...A.) 

are indifferent for any k, positive or negative. 

The cost-benefit analysis is based on linear value 
function. The distinguishing feature is that every 
attribute of an alternative is transformed by a 
conversion factor w, to a financial value, positive 
ornegative. Alternatives are compared according 
to their total financial value B 

B = I iWiai. 

The linear value function is often represented in 
a form in which the weighting factor of the first 
attribute has unit magnitude, a = ± 1. This 
similarity transformation maintains the value 
structure of the linear value function. In the case 
of two attributes the linear value function takes 
the following form 

v(x,y) = a(x + by) 

Example 

The decision maker has to decide the dose value 
by which he must implement a radiation 
protection action. Only two attributes are 
important to him: the costs of action c and the dose 
s. After having structured the problem, he 
concludes that his preferences can be represented 
by a linear value function. For any (c,s) he is also 
prepared to increase the dose by 1 mSv in order 
to decrease the costs by 100 FIM (1 FIM = 0.23 

USD). When assessing the trade-off value 
between dose and costs, the decision maker based 
his estimation on the "human capital" method4. 
The risk factors he used in his calculations are: 
for fatal cancer O.OSAnanSv and for hereditary 
defects 0.01/manSv. Moreover, it has been shown 
that protection costs depend on the dose as 
follows c = 40 s"1. 

The ordinal value function of the decision maker is 
linear v(c,s)=a(c+bs). Since for any dose he would 
clearly prefer smaller costs to larger, so a = -1. 
Because he is willing to increase the dose by 1 mSv 
to decrease the costs by 100 FIM, the following 
alternatives are indifferent: 

( c , s ) - ( c - lOO.s+1). 

Hence 
- (c + bs) = - (c -100 + b(s + 1)). 
=>b=100. 

The decision maker wants to maximize the 
value function v(c,s) subject to the condition 
that c = 40 s~'. Substituting for c and solving the 
equation, we get 

d/ds(-(40s1 + 100s)) = 0 
=* s = 0.6mSv. 

To state the trade-off, the wording used in the 
example was: how much is the decision maker 
prepared to increase the dose in order to decrease 
the costs. However, the decision maker usually 
prefers the wording: how much is he prepared to 
pay to decrease the dose. No one willingly ta..» 
about reducing safety. Therefore, eliciting the 
preferences is a very delicate task. Proposing such 
unpleasant questions to the decision maker may 
introduce biases and irrationality in the answers. 
On the other hand, if the importance of the 
questions has not been emphasized to the decision 
maker, the analysis is worthless because he does 
not understand it3. 

By using the ordinal value function it is possible 
to arrange a preference order over all 
multidimensional evaluations. Two processes -
the determination of achicvability and the 
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articulation of a preference structure - can be kept 
separate and combined at the very end of the 
analysis, as in the example above. Formally, these 
two processes can be intertwined first by finding 
a point of achievable evaluations on the efficient 
frontier and then moving on this frontier in order 

to improve the preferences. Although this 
procedure is effective in highly structured 
problems, such as in linear programming 
problems, it is commonly not very useful, 
especially if there are probabilities linked to the 
problem . 
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5 UTILITY THEORY 

A real decision problem almost always includes 
uncertainties that force the decision maker in his 
choices to balance his preferences for the various 
possible consequences with the uncertainty about 
the possible states. Uncertainty is easily 
introduced into the decision analysis by using the 
utility theory. 

The starting point for the utility theory is that for 
each individual decision maker there is a 
particular utility function u(.), expectations of 
which represent his preferences, provided that his 
preferences are consistent with the axioms of 
rational behaviour3. These axioms imply the 
existence of a utility function such that, when the 
decision maker holds x, at least as good as Xj, then 

«=> U(Xi) > UfXj), 

and if lottery 1 is at least as good as lottery 1' 

<=>LpiU(Xi) > Lpi'u(Xi) 

for any pai r of simple lotteries. The lottery can be 
represented by 

1= <pi,xi;p2,X2;...;pr,xf>, 

where pi > 0 is the probability of winning Xi and 
Lpi = 1 • Because the utility function is an ordinal 
value function, the origin and unit of 
measurement can be chosen freely. The sum 
LpiU(Xi) is known as the expected utility. 
Moieovcr, it holds that the decision maker's most 
preferred action has the maximum expected 
utility. Concavity of the utility function implies 
risk averse preferences of the decision maker; 
linearity of the function risk neutral; and 
convexity of the utility function risk prone 
preferences. 

The requirement for the existence of the utility 
function is that the decision maker is prepared to 
compare his preferences between the prizes 
and/or lotteries mentioned above. The utility 
theory also requires the existence of some further 
lotteries allowing to make this comparison at an 
easier stage. These latter lotteries are known as 
the reference experiment. A reference experiment 
is a hypothetical lottery 

<p,xi;(l - p),x, >, 

which gives rise to Xi, the most preferred prize with 
probability p, and xt, the least preferred prize with 
probability 1 - p. Any other prize is impossible 
under this lottery. A reference experiment can be 
visualized as a 'ruler' against which the decision 
maker can measure his preference. In practice, the 
reference experiment can be demonstrated by a 
probability wheel, a device like a wheel of fortune. 
Let the probability wheel to be divided into two 
sectors such that the angles of sectors are in ratio of 
the probabilities p and 1 - p. If the pointer of the 
wheel stops in sector I, prize xi is awarded, and if 
the pointer stops in sector II, prize xr is awarded. 
The reference experiment can also be expressed in 
the following way: for each Xi 'here is p*, so that the 
prize and the lottery are indffferent 

x, ~<p,,xi;(l -pi),xr>. 

Then the assumption is that Xi is neither better nor 
worse than both the consequences xj and xr. If xi 
is chosen to be the best and xr the worst option 
and u(xi) = 1 and u(xr) = 0, then pi = u(xO. 

Presenting reference experiments to the decision 
maker has the purpose of clarifying his 
preferences between real lotteries, thus helping 
him towards a better decision. 
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Table I. Protection problem I. Doses are given in manSv. 

States 

No release Inert gases Particles 

No actions 0 10 ?0 
Sheltering 0 5 10 
Evacuation 0 0.S 1 

Probabilities 
0.8 0.15 0.05 

Example 

There has been a severe accident at a nuclear 
power plant and the environmental effects caused 
by it are still unknown at the moment of decision. 
The probability is 0.8 that the situation will be 
brought under control and there will be nc release. 
The accident will cause an inert gas release at a 
probability of 0.15 and, respectively, the 
probability for other radioactive nuclide re'case 
is 0.05. The decision maker must choose between 
three countermeasures to protect the population 
of a certain area: evacuation, sheltering indoors, 
and the zero option, i.e. taking no action at all. The 
population of the area is 1000 persons. The 
decision maker has estimated that only the 
attribute "health detriment caused by radiation" is 
essential and can be measured as a dose. In this 
stylized example the dose distribution is not taken 
into account. The mean doses of the area have 
been estimated for different options and are 
shown in Decision Table I. 

In this example the purpose is not to illustrate the 
interactive interview, typical to the analysis, 
between the decision maker and the analyst, e.g. 
Keeney*. The purpose is only to indicate the 
structure of the analysis. 

Let us assume, without checking it out, th*t the 
decision maker is rational and the conditions for 
utility analysis exist. For example, in a simple 

money game the decision maker should not think 
that tossing a five-mark coin is luckier than 
tossing a one-mark coin. It is also necessary to 
ensure that the decision maker has understood the 
contents of the attribute. For example, in this case 
the attribute "health detriment" has meaning only 
for the stochastic health effects, and not, e.g. any 
psychological effects. 

The shape of the utility function can be assessed 
with the following reference experiment3'7. There 
are two options, A and B: 

Option A: The dose is 0 manSv with probability 
0.5 or, otherwise, the dose is 20 
manSv with probability 0.5. 

Option B: The dose is 10 manSv for certain. 

The decision maker has to choose between these 
two options. When assessing the value of the 
utility function at a fixed point, the value of option 
B is changed until the options are indifferent for 
the decision maker. The other possibility is to 
offer the decision maker the following choice: 

Option A: The dose is O manSv with probability 
p or, otherwise, the dose is 20 manSv 
with probability 1-p. 

Option B: The dose is 10 manSv for certain. 

The question is: what is the value of p such that 
the decision maker is indifferent between options 
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A and B. The decision maker in the example 
chooses a value of about p - 0.4. Because the 
origin and the scale of the utility function can be 
chosen freely, it can be set u(0 manSv) = 1 and 
u(20 manSv) = 0. Hence 

u(lOmanSv) 
= 0.4 x u(0 manSv) + 0.6 x u(20 manSv) 
^0 .4x1+0 .6x0 
= 0.4. 

Similarly, the value of the utility function at point 
s = 5 manSv can be found by asking the decision 
maker to state his preferences between the bets: 

Option A: The dose is 0 manSv with probability 
p or, otherwise, the dose is 10 manSv 
with probability 1 - p. 

Option B: The dose is 5 manSv for certain. 

If the probability chosen by the decision maker is 
p = 0.4 when the options are indifferent, we get 

u(5 manSv) 
= 0.4 x u(0 manSv) + 0.6 x u(10 manSv) 
= 0.4x1+0.6x04 
= 0.64. 

The procedure is continued until all the utility 
values of the doses shown in the table I are 
defined: 

u(OmanSv) =1.00 u(5manSv) =0.64 
u(0.5manSv) = 0.96 u(lOmanSv) = 0.4} 
u(lmanSv) = 0.93 u(20manSv) = 0.00 

The utility function of the decision maker is 
convex and implies an attitude apt to taking risks. 
The attitude toward risk results in a threat of 
defeat connected to the decision5. The decision 
maker is asked questions until the analyst is 
satisfied that the utility curve well represents the 
preferences of the decision maker and there is no 
inconsistency between the values of the function. 
The expected utility E = L iPiU(xj) can now be 
calculated for different countermeasurcs: 

No actions: 
E=0.8xu(0) + 0.15xu(10) + 0.05xu(20) = 0.86 

Sheltering: 
E = 0.8 x u(0) + 0.15 x u(5) + 0.05 x u(10) = 0.92 

Evacuation: 
E = 0.8xu(0) + 0.15xu(0.5) + 0.05xu(l)=0.99 

Because the values of die utility function defined by 
the reference experiment are not accurate-they are 
not assumed to be accurate in actual practice - the 
expected utility must be checked before a decision 
of finding out how sensitive the ordering of the 
actions is to the values used in the calculations. Thus 
the lower limit on the expected utility of the 
evacuation and the upper limits of no-action and 
sheltering indoors must be found. This is done by 
asking the decision maker the following bets: 

Option A: The dose is 0 manSv with probability 
0.5 or, otherwise, the dose is 20 
manSv with probability 0.5. 

Option B: The dose is 10 manSv for certain. 

If the decision maker prefers option A to B, then 

u(10) < 0.5 x u(0) + 0.5 x u(20) - 0.50 

Accordingly, it is estimated that 
u(5) < 0.70 
u(l) > 0.89 
u(0.5)> 0.95 

The lower and upper limits on the expected utility 
(E) can now be calculated for different actions: 

E(no actions) = 0.86 < 0.88 
E(sheltering) = 0.92 < 0.93 
E(evacuation) = 0.99^0.99 

The lower limit on the expected utility of 
evacuation is higher than the upper limits of 
sheltering and no-action. Thus the decision maker 
should prefer evacuation to the other two actions, 
whatever the numerical values of the utilities 
within the limits. 

If we want to know at what dose level the 
evacuation should be implemented, the 
calculations tell us that the decision maker must 
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favour evacuation no matter how small the dose 
is. This conclusion may look illogical but is due 
to the fact that the value structure which the 
decision maker attaches to the doses cannot 
change essentially when the dose decreases, 
assuming he is rational. The analysis in itself is 
not faulty, but the cause for inconsistency can be 
traced to excluding important objectives from the 
analysis (such as financial costs and safety issues 
involved in the actions). 

When there is more than one attribute, the utility 
independence of the attributes should be verified 
before launching the utility analysis. Attribute X 
is utility independent of attribute Y if the 
preferences between lotteries with varying levels 
of X, and a common, fixed level of Y are 
independent of that fixed level of Y. If X is utility 
independent of Y, it follows that X is also 
preferentially independent of Y3. 

For example, let us consider the dose attribute S and 
the costs attribute C. Let us mark the least preferred 
valu s of the attributes as so and Co and the most 
preferred ones as s* and c*. Let us also assume that 
the costs attribute is on the most preferred level, i.e. 
c* = 0. There are two options to be chosen, one 
corresponds to lottery < p, so; (1 - p),s* > and the 
other leads to the fixed value of S, marked as s \ Let 
p' be the probability when the options are 
indifferent to the decision maker. If probability p' 
is the same when c = Co, then attribute S is utility 
independent of attribute C. 

In general, if attributes Xi,X2 X, are mutually 
utility independent, the utility function can be 
written in the multiplicative form: 

1 + ku(x, x,) = r i d + kUi(Xi)), (5.1) 

where Uj(Xi)=U(\°,...,^,...,T^) and u(xi .....x,) has 
been scaled so that u(xi°,...,Xq°) = 0. If the 
attributes are additively independent, it means 
that the utility function is additive 

U(Xl Xq) = LUi(Xi), 

where Ui(xO = u(xi°,...,Xi,...,Xq°). Consider two 
attributes X and Y. Attributes are additively 
independent, if for all x,x' e X and y,y* € Y 

<0.5,(x,y);0.5,(x\y') > - < 0.5,(x,y *);0.5,(x' ,y) >. 

For the present we limit ourselves to the case of 
two attributes, X and Y. The function u(x,y0) is 
effectively a utility function over X alone and 
u(xo,y) over Y. Functions u(x) and u(y) can be 
assessed by reference experiment in the same way 
as the utility function in the protection example. 
The decision maker do not need to consider 
trade-offs between the values of the attributes 
when assessing the functions. He is only required 
to assess single-dimensional utility functions. 
However, before the assessments it is necessary 
to fix the origin and the unit of measurement by 
choosing u(xo,yo)=0, and u(xi,yo)= 1 andu(xo,yO 
= 1 where it is advisable to take xo and yo as some 
mid-range values and where xi is more prefered 
than xo and yi is chosen so that u(xi,y0) is 
indifferent to u(xo,yO- In other words, after the 
unit of measurement of X has been chosen 
u(xi ,yo) = 1, the decision-maker is asked to assess 
yi so that (xi,y0) ~ (xo,yO. Concerning the 
decision maker this requires trade-offs between 
the attributes, but no considerations of 
uncertainties. 

To determine the constant k, the decision maker 
is asked to define the points X2,y2 and x3,y3 so that 
(X2,y2> ~ (X3,y3). Providing that u(x2,yo) x 
u(xo,y2) * u(x3,yo)xu(xo,y3), k can be calculated 
using the expression u(x2,y2) = u(x3,y3). 

When there are more than two attributes, the 
following theorem provides a useful method for 
the analysis'. Let it be that X = Xi x X2 x... x X„, 
n > 3. If, for some X], {Xi,Xj} is preferentially 
independent of_Xij Jpr all j*l and X2 is utility 
independent of X2 (X2 = Xi x X3 x... x X„), then 

u(x) =LkiUi(Xi), if Lfc = 1, or 

1 + ku(x) = f i d + kkiui(xi)), if L M 1, 
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Table II. Protection problem 11. Doses given in manSv and costs as marks (FIM, manSv). 

States 

No release Inert gases Particles 

No actions (0.0) (0.10) (0,20) 
Sheltering (50000.0) (50000.5) (50000,10) 
Evacuation (400000,0) (400000.0.5) (400000.1) 

Probabilities 
0.8 0.15 0.05 

where the utility functions u(x) and u;(xO are 
scaled from zero to one, ki are scaling constants, 
0<ki< l , andk>- l . 

Example 

We shall continue the protection example I and 
assume now that the decision maker has estimated 
only the attributes "health detriment" S and "the 
costs of the actions" C as important when making 
a decision. When estimating the costs, direct and 
indirect costs are taken into account. If no actions 
are taken costs are assumed to be meaningless. 
The expenses of sheltering indoors are 50 
FIM/person and the evacuation 400 FIM/person-
The decision table now has the form as shown in 
Table II. 

To check the uti'ity independence the decision 
maker is offered the following two choices: 

Option A: The dose is 0 manSv with probability 
0.4 or, otherwise, the dose is 20 
manSv with probability 0.6. 

Option B: The dose is 10 manSv for certain. 

The costs are at first fixed at 0 FIM. Earlier in 
protection example I it was verified that the 
options are indifferent for the decision maker 
when the value of p is 0.4. Let us now fix the costs 
to 400 000 FIM. The decision maker in the 
example feels that the options are indifferent as 

long as the costs are fixed. Thus attribute S is 
utility independent of cost attribute C To make 
sure that the valuations of the decisison maker are 
consistent, it is necessary to ask the lotteries with 
different values of probability p. The costs should 
not be fixed only to the smallest or the largest 
value. Correspondingly, the costs are verified to 
be utility independent of the dose with the 
following options: 

Option A: The costs are 0 FTM with probability 
0.4 or, otherwise, the costs are 
400 000 FIM with probability 0.6. 

Option B: The costs are 200 000 FIM for certain. 

The dose is first fixed to 0 manSv and then to 20 
manSv. The options arc indifferent on both dose 
values for the decision maker in this example. 
Thus the attributes are mutually utility 
independent. 

Let us now choose u(2 000 000,20) = 0 and 
u(0,20) = 1. After this the decision maker is asked 
to identify s such that (2 000 OOO.s) is indifferent 
with (0,20), i.e. how much the decision maker is 
ready to decrease the dose with 2 000 000 FIM. 
The answer is 20 manSv, i.e., when s = 0. If we 
want to calculate the constant k (expression 5.1), 
after assessing the utility functions, the following 
indifference is indentified: 

(100000.2)-(200000,1) 
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Thus the decision maker is ready to invest 
100 000 FIM in order to decrease the dose 
1 manSv. Generally, the decision maker of the 
example is ready to invest 100 000 FIM to avoid 
one manSv on all values of the dose, provided that 
the consequences of the radiation exposure are 
stochastic. 

The attributes are addilively independent if the 
following lotteries are indifferent for the decision 
maker. 

< 0.5, (200 00O,2);0.5,(10O 000,1) > -
<0.5 ,(200 000,1);0.5,(100 000,2) >. 

The constant k is then zero and the utility function 
can be written as: 

u(c,s) = u(c,so) + u(co,s). 

The single-attribute utility functions are assessed 
by the reference lotteries, as was done in 
protection example I. If there are many points, it 
is practical to use functional representation. In 
this case we can write the single-attribute utility 
function as: 

u(x) = a(eb,+ c). 

By fitt' lg this function to the points determined 
with the reference experiment we get 

u(c,so) =1.8(exp(-^.l 10 -\)- 0.444) 
u(Co,s) =1.8(exp(-0.O41s) -0.444). 

The values of the single-attribute utility functions 
in different points can now be calculated with 
these functions. The utilities are: 

u.(0manSv) =1.00 u,(5manSv) =0.64 
u,(0.5 manSv) = 0.96 u,(10 manSv) = 0.40 
u,(lmanSv) =0.93 u,(20 manSv) = 0.00 

Uc(400000) = 0.73 Uc(50000) = 0.96. 

The utilities calculated with the functions deviate 
a little from the utilities determined earlier with 
the reference experiment. The difference is 
meaningless, however. If the values are 

calculated only by the utility function, it must be 
checked whether the calculated values 
correspond to the preferences of the decision 
maker. For example, when the calculated utility 
u,(0.5 manSv) = 0.96, we ask the decision maker 
the folk, wing bet: 

Option A: The dose is 0 manSv with probability 
0.4 or, otherwise, the dose is 1 manSv 
with probability 0.6. 

Option B: The dose is 0.S manSv for certain. 

Which bet would the decision maker choose? If 
the options are indifferent for him, it meets the 
consistency demands, because the utility for both 
the options is 0.96. 

The utilities for different actions can now be 
presented in a decision table (Table III). 

The expected utility E for different actions can 
now be calculated. Before the decision is made, 
it must be checked how sensitive the expected 
utility is in order to arrange the actions in 
preference order. For this we must find the upper 
and lower limits of the utilities of single-attribute 
utility functions. This is accomplished by the 
reference experiment shown in protection 
example I. The values are: 

u.(0.5 manSv) > 0.97 u^lO manSv) > 0.30 
u.(lmanSv) < 0.96 u,(10manSv;<0.50 
u,(5manSv) > 0.58 

Uc(400 000) < 0.79 Uc(50 000) > 0.93. 

Thus the expected utility E and its upper and 
lower limits for different actions are: 

E(No actions) = 1.86 < 1.88 
E(Sheltering) = 1.88 > 1.83 
E(Evacuation) = 1.72 < 1.78 

The expected utility of sheltering indoors has the 
highest value of the countermeasures, but is by no 
means truly the most preferred action. The other 
possibility is noaction, which has almost as good 
an expected utility as sheltering. According to the 
demands for consistency the decision maker 
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Table ULCalculaied utilities for protection problem II. 

No actions 
Sheltering 
Evacuation 

No release 

2.00 
1.96 
1.73 

0.8 

States 

Inert gases 

1.40 
1.60 
1.69 

Probabilities 
0.15 

Particles 

1.00 
1.36 
1.66 

0.05 

should choose sheltering indoors. The fact that a better expected utility than sheltering indoors, 
these two actions have aunost as good expected can be constructed so that sheltering is decreased 
utilities points to an alternative action that would where costs are high and the averted dose small, 
be a combination of noaction and sheltering Evacuation is a truly excluded action, 
indoors. This kind of combination of actions, with 
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6 UNCERTAINTIES CONNECTED WITH 
DECISIONS 

In the protection example the probabilities of the 
release events, the probabilities of the various 
states are values of a state variable. The attribute 
and the state variable should be carefully 
distinguished from each other. The decision 
maker can choose the value of the attribute, but 
the value of the state variable is out of his control. 
Thus the determination of the uncertainties 
connected to the decisions means encoding the 
values of the state variables. Without a careful 
structuring of the problem it is not always obvious 
if the variable, e.g. expenses, is an attribute or a 
state variable. This difficulty can be resolved by 
further structuring of the problem, for example, 
by dividing expenses into controllable expense 
strategy and the uncertain market response of the 
action. The values of the state variables arc 
determined only for those quantities that are 
important to the decision. When evaluating the 
attributes or the state variables their importance 
is not dictated by such a conceptual values as 
health, but by a range of values such as the 
number of cancer cases. 

If the values of the state variable arc not known, 
these numbers should be evaluated from 
statistical models by using previously collected 
information, expert estimates or the subjective 
estimates of the decision maker. The adoption of 
subjective probability in the decision analysis is 
grounded in the fact that it is the only probability 
theory that is suited to the purposes of the decision 
analysis, and it is the only conceptually sound 
interpretation3. Each decision maker has his own 
personal estimates of these probabilities, which 
arc subjective not objective. 

Subjective probability represents the observer's, 
i.e. the decision maker's, degree of belief or 
certitute that a certain state will occur. This 
requires that a rational decision maker arranges 
his levels of confidence and his knowledge in 
such a way that these can be represented by 
probabilities. The starting point is that if the 
decision maker believes event A to be at least as 
likely to occur as event B then 

<*P(A) £ P(B), 

where P(A) and P(B) are probabilities constructed 
from the decision maker's degree of certitude. 
Actually, when constructing the probability 
distribution P(.) representing the decision maker's 
confidence in uncertainties, we arc behaving 
precisely in the same manner as when constructing 
a utility function that represents the preferences of 
the decision maker. 

One of the basic elements when defining a 
subjective probability is the reference 
experiment. The reference experiment is used to 
quantify the decision maker's certitudes in a way 
similar to that of using the reference experiment 
to quantify his preferences as utility. In practice, 
the reference experiment can be demonstrated by 
a probability wheel. If the angle of the sector 
representing event A is greater than that 
representing event B, it is more probable that the 
arrow of the wheel will stop at sector A. Thus 
event A is more probable than B. The 
decision-maker is expected to be prepared to 
consider his confidences with the probability 
wheel. Any sector (event A) is more probable than 
the other (event B) if, and only if, the angle of the 
former sector is greater than that of the latter. 
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When we determine the probability distribution of 
a quantity, we assume that the decision maker has 
all the relevant information on the quantity to be 
defined. Naturally, his certitudes can change when 
new facts ate learnt and evidence accumulated. The 
task of the analysis is to place all this knowledge 
without error into the probability distribution. The 
conscious or subconscious discrepancies between 
the decision maker's responses and the accurate 
description of his underlying knowledge is called a 
bias. There is a short list on the sources of bias 
below, but it is more widely discussed, e.g., by 
Tversky and Kahneman and Spetzler and Stael von 
Holstein24'20. 

Motivational biases are either conscious or 
subconscious adjustments of estimates in the 
subject's responses motivated by his real or 
imagined personal rewards for various responses. 

Availability. Probability assignments are based 
on information that the decision maker recalls or 
perceives easily or which is new and in fashion. 

Anchoring. The most readily available 
information or the initial response in an interview 
forms an initial basis for formulating responses 
and weakens the effects of other knowledge. 

Representativeness. The decision maker 
assumes a tiny sample to be a reliable 
representation of the whole group from which it 
is taken. Similarly, there is a strong tendency to 
place more confidence in a single piece of 
information or similarity than in more generalized 
information. 

Unstated assumptions. These responses depend 
on various conditional unexpressed assumptions 
such as overproduction, price control, major 
strikes or war, the possibility of which is not 
expressed. 

Coherence. The scenario for estimating 
uncertainty can have a strong effect on the 

estimates if the logic or simplicity of the scenario 
becomes the most dominant reason for estimates. 
The event is considered unlikely if no reasonable 
scenario can be found. 

Specificity. The accuracy of expressing the 
features of an event affects the estimation of 
probability. 

Let X be an uncertain quantity for which the 
distribution function should be determined. The 
ordinate F(x) states the probability of event "X < 
x". The encoding methods can be classified 
according to what value is questioned - the 
probability F(x), the value of variable x or both 
values (x,F(x)). We can use a set of questions and 
ask directly for a certain number (the probability 
and/or the value of the variable) or indirectly by 
searching for the numbers with the help of a 
reference experiment. Indirect methods are 
considered to be better, especially the method 
based on the probability wheel. With the 
probability wheel we can determine a probability 
between 0.1 and 0.9. Should there be a rare event 
with a very small probability, the probability 
model is recommended20. This model has a 
sequence of probable events leading to a rare 
event, and the probabilities of these events can be 
determined, for example, by using a probability 
wheel. 

'n the presence of uncertainties connected to 
decisions, the importance of sensitivity analysis 
is stressed when comparing actions. In sensitivity 
analysis, in addition to variations in the values of 
the utilities we should also consider possible 
variations in the subjective probabilities. 
Sensitivity analysis may indicate that several 
different actions could be optimal instead of just 
one, within reasonable limits on utilities and 
subjective probabilities, or that certain actions can 
never be optimal. 
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DECISION TABLES AND DECISION TREES 

The decision table presented in the protection 
example is static. The assumption is made that 
there is only one moment of choice at which the 
decision maker has to decide between actions. In 
reality, decisions are dynamic; one decision 
problem leads to another and that to a further one 
and so on. Furthermore, decisions made later may 
depend on choices made earlier. 

It is practical to represent a dynamic decision 
problem by means of a decision tree, with 
decision points on the tree representing choices 
between actions, conventionally marked with 
squares. Each branch of the tree stemming from 
this point represents an action. At the end of each 
action branch there is a chance point, marked with 
a circle, at which each branch subdivides ,-uo 
further branches. These chance points are outside 
of the decision maker's control, each branch 
representing one possible state. Uncertainties 
connected to a state variable can be described by 

discrete probability values (states) or by 
probability distributions. At die outermost tips of 
the branches there are the consequences. 

A decision table and a decision tree are parallel 
presentationsofadecijion problem. Any decision 
table can be converted into a decision tree or 
conversely. A decision analysis based on a 
decision tree is considered more demonstrative 
because it displays the underlying problem more 
clearly than an equivalent analysis based on a 
decision table. 

The purpose of a decision tree is both to simplify 
the analytic structuring process of the decision 
problem and to construct scenarios. Each decision 
t.ce is a group of scenarios; any path from the tree 
stem to the tip of a branch (from action to 
consequence) is a scenario. Figure 1 shows a 
simple decision tree (see appendix). 
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Figure 1.Decision tree constructed to analyse countermeasures for freshwater fish. 
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8 GROUP DECISIONS 

The decision analysis discussed above is based on 
the preference model of a single decision maker. 
However, in reality, the decision maker is not 
always a single person but often a group in which 
there are different valuations. If the group is very 
large we can talk about social choice. Decisions 
involving societal questions are often group 
decisions which may be affected by various 
markets and those controlling various interests. It 
is more complex to develop a mathematical 
model for rational group decisions than a 
mathematical preference model for an individual 
decision maker. Problems relating to group 
decisions are discussed, e.g., by French. 
Nevertheless, it is possible to analyze decision 
problems for groups of decision makers in a 
manner that can be characterized as useful and 
informative. 

Measuring the valuations connected to choices by 
a simple majority rule (voting), for example, does 
not lead to a democratic solution. The attraction 
for conscious or subconscious tactical voting or 
for dictatorial leadership results in undemocratic 
and irrational group behavior, however good the 
method of voting is. This does not mean that all 
groupdecisionsorvoting arrangements are unjust 
or irrational, but H docs mean that for each 
possible arrangements there is a set of individual 
preferences such that the group preference 
constructed from individual preferences breaks at 
least one of the axioms attached to group 
behaviour (Arrow's theorem). Thus it is 
impossible to construct a method of voting in 
which it is never to anyone's advantage to vote 
tactically. 

The value structure or the expected utility of a 
group cannot be constructed by individual value 
difference functions, ordinal value functions or 

even expected utility, respectively. Therefore, 
democracy does not exist in a simple form. The 
foremost difficulty is that an individual has a will 
of his own but a group does not. A fair and just 
solution to a group decision problem can be found 
only if each member of the group behaves 
rationally and equitably. 

Technically, group decisions can be made with 
the help of a decision analysis by treating the 
group as an individual and by constructing the 
problem and the solution as explained above. In 
group decisions as well as in individual decisions, 
decision analysis aids decision makers in further 
understanding of the problem and the valuations 
of the other members of the group. Furthermore, 
the analysis guides the discussion in a positive and 
constructive way; there are fewer possibilities in 
a discussion for jumping from one issue to 
another without direction or progress. The 
internal confidence of a group makes the role of 
the analyst more important in group decisions 
than in decisions involving only one person. 
When necessary, the analyst can discuss with the 
group collectively or with individuals or 
subgroups that have special technical expertise. 

If a mutual understanding is reached in a group 
analysis, then consensus values are chosen. In the 
case of disagreement, rough averages are used. 
But as stated before, it is fruitless to form a 
group's subjective probabilities or expected 
utilities from mean values. The aim is only to 
construct a rough skeleton of the decision analysis 
which can be modified using the views of the 
members, discussing with them, and using a 
comprehensive sensitivity analysis. 

Usually a decision and its consequences belong 
to the decision maker's field of activities. There 
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are also situations when decisions are made on 
behalf of others, e.g., when the Finnish Centre for 
Radiation and Nuclear Safety acts as an authority 
giving recommendations for intervention. In such 
a situation as described there are two problems 
intertwined with group decisions: the method a 
group should select in charting a joint course of 
action and the method those in responsibility 
should use in making a decision. An idea? solution 
would be to obtain the valuations of the group on 
behalf of whom the decision is made, with the 
help of discussions and clarifying notes, and use 
these values in a decision analysis. If the 
valuations of a group are ill -de fined or not readily 

obtainable, the decision maker must decide on its 
behalf. The preferences and the certitudes of the 
decision maker should not change in this situation 
whether he decides by himself or on behalf of the 
group. In addition, the preferences of the decision 
maker should not be selfish; they should describe 
what he feels is best for those for whom he is 
responsible. He can imagine himself in the 
position of each member of the group and form a 
family of utility functions representing what he 
personi illy believes to be the preference of each 
member in the group. This type of altruism fulfils 
certain criteria in a fair and just solution. 
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9 PERCEPTION OF RISK 

In general terms, risk means the possible, 
undesired consequences of a certain incident (the 
threat of defeat or failure), e.g., the health risks 
incurred by radiation. 

Mathematically, risk is defined by the concept of 
probability. The probability estimates of private 
citizens and experts often differmarkedly from each 
other. Experts define, or at least they should define, 
probabilities analytically. The public forms its 
estimate through experience and by the information 
it acquires intuitively not analytically. In the case of 
a rare incident, the probability estimates of the 
public and experts can deviate even by a factor of 
ten. Probabilities on the order of 104 incidents per 
year are often overestimated, whereas extremely 
rare incidents, on the orderof less than 10* incidents 
a year, are ignored19,23. To some extent this explains 
the public's fear of radiation. If we, for example, 
assume that an individual receives a dose of one 
mSv a year, the present assumption is that the 
probability of this person getting fatal cancer is 5 x 
10'5. 

There are many factors affecting an individual's 
perception of risk: the extent to which one can 
affect the risk, how great a threat is connected to 
the risk, and how great a benefit is connected as 
a counterbalance to the risk. Risk is generally felt 
to be greater the fewer possibilities there are of 
affecting it, the greater the threat is, and the 
smaller the profit involved. Some factors 
affecting the perception of risks from the 
radiation protection point of view are discussed 
below2"6. 

Possibilities for influence on the outcome are, 
e.g., voluntariness, the possibility of avoiding risk 
and the naturalness, normality of the risk. A risk 
is conceived of as smaller if people can choose 

for themselves the acceptance of the risk, 
compared to a situation where they have no 
choice. Similarly, a risk is felt to be smaller if 
there is a possibility of evading it. A risk 
associated with a natural phenomenon is smaller 
than a similar risk associated with a possible 
technical failure. For example, the health risk 
connected to natural radiation is felt to be smaller 
than the risk of man-made radiation. Natural 
phenomena are obvious. We do not even consider 
thai we could control them. 

The threatening factors affecting the perception 
of a risk are: discemibility, the severity of 
consequences, the possibility of catastrophe, the 
distribution of the risk, delayed effects, die threat 
the risk poses for future generations, and the 
duration of the presence of the risk. A risk that is 
concrete or detectable by the senses is felt to be 
smaller than a risk not detectable by the senses. 
The attitude towards the risk depends on the 
consequences attached to it. The threat is 
perceived as greater if there is a possibility of 
getting, e.g. a malignant tumor rather than being 
stricken with a disease with just as poor chances 
for survival, but which disease is, nevertheless, 
conceived of as causing less suffering. Single 
disasters with a large number of casualties are felt 
to be more threatening than a group of smaller 
accidents with the same number of casualties. For 
example, aviation accidents are feared more than 
road accidents. 

A risk is apprehended as more threatening if its 
regional distribution or the identity of persons 
who are its object is known. A threat concerning 
statistical people is seen as smaller. The feeling 
of threat is intensified by delayed consequences 
- effects occurring years after exposure - and by 
risk directed to future generations through genetic 
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or environmental changes. Adapting to new risks 
takes time. People are accustomed to old, 
previously experienced risks, and they may have 
invented ways of controlling them. 

Acceptance of risk increases if a private person 
can personally conceive of a profit to 
counterbalance it and, in addition, if that profit is 
directed towards the person facing the risk. 
Therefore, a man is ready to accept a greater risk 
if the increase in the risk is compensated for, e.g., 
by money17. It has been estimated that the 
compensation demanded by a private person for 
an increase of 0.001 in the risk of the death per 
year is an addition of 2 000 - 10 000 FIM to his 
annual income. If we compare the chances of 
getting fatal cancer and the risk of death, 20 mSv 
corresponds to a risk of death of 0.001. Assuming 
that the compensation demanded at this risk level 
is a linear function of the risk, the trade off value 
between money and health detriment in radiation 
protection, i.e., the value of alpha should be 
between 100 000 and 500 000 FlM/manSv 
(20 000 - 100 000 USD/manSv). This 
calculation is based on a risk of only 0.05/manSv 
of getting fatal cancer. Non-malignant tumors, 
hereditary effects, and the mean latency time of a 
cancer are not included. 

The situation integrally changes if the 
compensation mentioned above cannot be 

demanded as wages or as remuneration from 
society, but involves a private person himself 
investing money to decrease the risk. This type of 
situation occurs, e.g. in the case of natural 
radiation when tenants of households have to bear 
the expenses of decreasing indoor radon 
exposure. In these cases, people are reluctant to 
pay even 4 000 FIM/manSv for repairs1. The 
"willingness to pay" prirciple is apparently a 
useful indicator of value when an individual is 
protecting his own health or life. When a man's 
health is at risk and he himself pays for his own 
safety, he should also be allowed to make his own 
decisions. 

It is useful to distinguish between a risk analysis 
and the way people perceive the risk. It is not 
reasonable to define scientific risk as the only 
correct risk, the real risk, which is distorted in the 
public mind. Risk is connected to the uncertain 
consequences of a particular decision, but the 
inferiority, the direness of the consequences is 
precisely dependent on people's attitudes and 
behaviour. The apparently irrational view of risk 
held by a private person may be due to this 
person's rational effort to strive towards 
objectives that are not included in "official" 
objectives. One example of this could be the silent 
assumption of the stoppage of nuclear power 
production6. 
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APPENDIX 

Multi-attribute utility analysis for the use of contaminated 
freshwater fish 

Structuring the problem and the 
attributes 

Let us assume that an accident in a nuclear power 
plant has resulted in cesium fallout contaminating 
most of southern Finland. A decision analysis is 
called for in order to rank the possible protective 
actions to be introduced to decrease the dose 
caused by the consumption of freshwater fish. 
The population of the heaviest fallout area is ca. 
2 million, and the catch of fish in that area is about 
half that of in the entire country. The importance 
of the protective actions implemented concerning 
the use of fish is at its most meaningful the year 
after the fallout, when the concentration in fish 
has increased to its maximum value. The 
similarities to the Chernobyl fallout (1986) arc 
intentional. It is worth noticing that this type of 
post factum snalysis may lead to hindsight 
estimations ind anchorings which are not 
comparable to those views needed in real future 
situations. 

The average Finn consumes 4 kg/a of cleaned 
freshwater fish. In the estimated fallout area the 
cesium concentration in lish is ca. 2000 Bq/kg 
(137Cs) and 1000 Bq/kg (134Cs) on average16. The 
freshwater fish thus causes a collective dose of 
330 manSv (2 000 000 x 4 kg/a x (2000 Bq/kg x 
1.2 x 10'* Sv/Bq + 1000 Bq/kg x 1.7 x 10"8 

Sv/Bq)). Outside this area the concentration in 
fish is about one quarter of that in the main 

deposition area, the remainder of the population 
being 3 million. Outside the main deposition area 
the dose caused by the freshwater fish is 125 
manSv. If wc examine only the costs and use an 
estimate assuming the decision maker's readiness 
to invest 40 000 FIM (1 FIM = 0.23 USD) to 
decrease the dose by one manSv, the 
countcrmcasurc is not allowed to cost more than 
one mark perkilogram offish. An estimate of cost 
goals is difficult to obtain by any measure aimed 
at the whole population of the area. Thus the most 
agreeable measure would be directed at the 
critical group, i.e. the part of the population that 
consumes fish in abundance. 

It has been estimated that agroupof 10000 people 
from the total population of the main deposition 
area forms the group of heavy consumers offish, 
consuming 40 kg/a/p (30 - 70 kg/a/p) of cleaned 
fish. Thus the consumption corresponds to about 
three meals a week, 250 g fish a meal. The 
consumer group consists of full- or part-time 
freshwater fishermen (the number of whom in the 
whole country is about 230022) as well as those 
who fish for their own use. Therefore, the 
purchase price of the fish for the consumer group 
is only a few marks per kilo. Less than one tenth 
of all freshwater fish is caught by commercial 
fishermen. The marketprice of fish is 20 FIM/kg. 
However, most of the fish are caught by the 
consumers themselves, rendering the overall 
average cost of the fish 5 FIM/kg. 

29 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-B-VAl.070 

One countermeasure is to recommend a 
restriction on the consumption of fish. If the use 
of fish is restricted, the substitute is meat and meat 
products, of which the purchase price is 45 
F!M/kg and the concentration is 15 Bq/kg (137Cs). 
The change of consumption to salt-water fish or 
cultivated fish (rainbow trout) is not noteworthy. 

Another countermeasure is to salt and soak the 
fish to decrease the concentration, or to 
recommend food preparation methods including 
this procedure. The recommendation for the 
measure selected is such that the appearance and 
the nutritional value of the fish is not essentially 
altered during the procedure. This optimally 
results in an 80 % decrease in the concentration1. 
In practice, this is not believed to be an achievable 
goal in households, but the concentration in fish 
after preparation is estimated to be 800 Bq/kg (a 
60 % decrease in I37Cs). 

Presuming the above mentioned protective 
actions are fully effective, the collective doses in 
the fallout area would be: no action, 330 manSv; 
salted fish, 130 manSv; and substituting the fish 
by meat, 2.5 manSv. The collective doses of the 
heavy consumer group are, respectively on 
average (40 kg/a): unprepared fish, 16.4 manSv; 
salted fish, 6.6 manSv; and substituting fish by 
meat, 0.12 manSv. 

Natural attributes are health detriments and the 
costs of the measures. The health detriments 
caused by radiation are measured as a collective 
dose.Thc scale to be used is0-400manSv. Using 
cither man sievert or ultimate health effects as a 
measure of the attribute, i.e., the number of 
non-malignant/malignant tumours and genetic 
changes, may have a great importance on the final 
outcome of the analysis. This difference depends 
on whether the decision maker understands the 
health effects connected to the collective dose. 
Generally, the analysis should be performed by 
using the ultimate attributes, especially if there is 
any doubt about the comprehension of the 
contents of a higher level attribute. 

If the use of fish is prohibited altogether in the 
main deposition area, the costs for households, on 

changing from fish to meat products, will add up 
to 320 million FIM (4 kg x (45 - 5) FIM/kg x 
2 000 000). The losses for the freshwater 
fishermen, unless the state reimburses them, are 
22 million FIM (forthe whole country, 44 million 
FIM22). Prohibiting the use of fish in the main 
deposition area would cause a drop in the 
consumption of fish outside the area by at least 
fifty percent. Due to this the costs for households 
and fishermen would rise to no less than 250 
million FIM (2 kg x (45 - 5) FIM/kg x 3 000 000 
+11000000 FIM). Thus the total costsare almost 
600 million FIM. 

Purifying fish from cesium by brine treatment 
will cause only marginal costs to households. The 
extra work of salting can be estimated monetarily 
as only a few marks per kilogram. A more 
essential effect of the salting recommendation is 
the change of consumption towards more 
expensive meat products. If we assume that the 
consumption of fish will decrease by one third in 
the whole country, the losses for the fishermen 
will be 15 million FIM. The extra costs for 
households created by the change to meat 
products is 270 million FIM (4/3 kg (45 - 5) 
FIM/kg x 5 000 000). Thus the costs due to salting 
would be 280 FIM altogether. Because the 
protective actions in question are not fully 
introduced, the scale of the costs attribute is 
chosen as 0 - 300 million FIM. 

The cesium concentration of certain species of 
fish (individual fish) in small lakes low in 
nutrients can be as high as 10 000 - 30 000 Bq/kg. 
When these results become common knowledge 
they will arouse concern and public discussion 
about the health detriment caused by fish. A part 
of the population will reach subjective estimates 
about a particular group being exposed to high 
doses. These groups may be poorly defined or 
non-existant. Anchoring concepts to maximum 
values prevents the impact of the relevant 
measurement results. In a situation like this, the 
real or imagined concern of the authorities may 
be sufficient if the measures taken are extensive. 
Trust in the authorities diminishes if no 
recommendation is set, especially if there are only 
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a few other possible countermeasurcs that could 
be taken12. 

The possible demands for countenneasures are 
the consequence of the population's perception of 
the health detriment derived from eating fish. This 
public opinion is influenced by the newspapers 
and the population's own subjective estimates 
about the effects of radiation. When forming the 
concepts of risk, the information given by the 
media is the key issue - will the public receive 
information that concerns and interests it, in a 
form easily grasped? The task of the expert as an 
informant is to establish concretely individual 
risk. 

Public opinion is a crucial variable in decision 
making. Possible protective actions, 
recommendations, leave the final choice to the 
individual. This is also in harmony with the 
demands of democracy. When a man's own 
health is at risk and he himself pays for the costs 
of the measures, the decision should also be left 
to him. If there is a proper understanding between 
the population and the expert, this situation 
corresponds to a fair and just group decision as 
well. 

The attribute "publicopinion" can be defined here 
as a state variable. This state variable is discussed 
in greater detail in conjunction with the 
uncertainties connected to decisions. 

The nutritional values of meat, fish, and salted 
and soaked fish differ from each other to some 
extent, but to no great importance. The amount of 
meat, compared to fish, needed to fulfill protein 
requirements is smaller, but it contains more 
unsaturated fats. Under normal conditions the 
population's protein requirements are more than 
adequately met in Finland, the amount of 
unsaturated fats in food mostly being due to 
personal diets. So far there arc no factors known 
that would list these foodstuffs in a particular 
order, thus resulting in the necessity of taking 
nutrional factors into account when making these 
decisions. 

Verifying the utility independence 

Let us label the dose attribute as S and the costs 
attribute as C. Before analysis is performed the 
utility independence of the attributs presumed by 
the existence of utility functions must be verified. 
This means that preferences for certain lotteries 
do not depend on the level the other attributes are 
fixed at. Let us first study the decision maker's 
preferences on various values for the costs, and 
let us fix the dose at 0 manSv. The following 
reference lottery is given to the decision maker: 

Option A: The costs arc 0 FIM with probability 
p or, otherwise, they arc 300 million 
FIM with probability 1 - p. 

Option B: The costs arc 150 million FIM for 
certain. 

When p is 0.4, the options arc indifferent for the 
decision maker. Let us change the costs to 0 and 
150 million FIM in option A and to 75 million 
FIM in option B. Options A and B are indifferent 
for the deci. on maker when p is 0.4. Generally, 
after the dose has been fixed, the options are 
indifferent when pis 0.4. Thus the costs are utility 
independent of the dose. Let us now fix the costs 
and give the reference lotteries to the decision 
maker at various values of the dose. Options like 
those above, on different values of the dose, are 
indifferent for the decision maker when p is 0.4, 
irrespective of the level at which the costs are 
fixed. The results is that the attributes are 
mutually utility independent. 

The values of scaling constants ki 

The scaling constants ki of the utility functions arc 
determined so mat they present the mutual 
preference differences of the changes in the levels 
of the attributes. Also, the total utility function is 
scaled between 0 and 1, so that u(c*,s*) = 1 and 
u(Co,So) = 0, where x* is tiie best and x„ the worst 
value of the attribute. If the utility functions arc 
additivcly independent, the sum of the scaling 
constants is set at 1. 
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The scale of the dose was 0 - 400 manSv and that 
of the costs of the countermeasure 0 - 300 million 
FIM. Thus the best point is (s=0,c = 0). First the 
decision maker should take a stand concerning 
some of the orders of magnitude. Let us assume 
that c = s = 0. The decision maker must decide 
which attribute he would rather shift to the worst 
level, the question being whether he would rather 
allow people to be exposed to 400 manSv or lose 
300 million FIM. The decision maker would 
rather let people be exposed to 400 manSv. Let us 
reduce the costs to 100 million FIM and ask 
whether the decision maker would rather let 
people be exposed to 400 manSv or lose 100 
million FIM. The decision maker still prefers the 
exposure of 400 manSv. Now the indifferent 
points can be determined. What value of the costs 
attribute and 400 manSv is indifferent for the 
decision maker? The answer is 40 million FIM. 

When determinig the trade-off between the dose 
and the costs the decision maker, acting as an 
expert, has used his own estimate, 100 000 
FIM/manSv, as a trade-off value. Because the 
costs of the countermeasure are paid for by 
households, the population's own trade-off value 
also has to be determined. The "willingness to 
pay" principle can be used as the basis for 
estimating die population's trade-off value. In 
this case with man-made radiation in question, the 
value adds up to about 10 000 FIMAnanSv, (cf. 
perception of risk). But then again, the costs are 
no more than a few hundred FIM per household, 
so the willingness to pay for the costs is greater 
than in a situation in which the costs rise to 
thousands of marks. The trade-off value can be 
estimated as between 20 000 and 100 000 
FIM/manSv. In the calculations 60 000 
FIM/manSv can be used as a rough mean. 

The trade-off value indicates that k« > k,. By using 
the trade-off value of 60 000 FIM/manSv the 
decision maker is ready to invest 24 million FIM 
in order to decrease the dose of 400 manSv to 0 
manSv. For him the points (276 million FIM, 400 
manSv) and (300 million FIM, 0 manSv) are 
indifferent. In that case, no matter if the utility 
function is additive or multiplicative, it means 
that k,u,(0) = kcUc(276). Because the utility 

function connected to the costs has already been 
determined when verifying the utility 
independence and choosing u,(0) = Uc(0) = 1 and 
11^400) = Uc(300) = 0, then it means that Uc(276) 
= 0.0S and k, = O.OSkc. Correspondingly, the 
trade-off value of 20 000 FIM/manSv means that 
k, = 0.02k and the trade-off value of 100 000 
FIM/manSv means that k, = 0.09kc. 

The additive independence of the attributes can 
be verified by the following bet (million FIM, 
manSv): 

<0.5,(0,0);0.5,(300,400)> 
- <0.5,(0,400);0.5,(300,0). 

If the lotteries are indifferent for the decision 
maker, then the utility function is additive. After 
normalizing the sum of the scaling constants k; to 
one, we get k = 0.95, k, = 0.05. 

Utility functions 

When verifying utility independence we already 
determined the partial utility functions needed. 
We can express the functions Uc(x) and u,(x) in 
the exponential form 

u(x) = a(eb, + c). 

Fitting this function to the determined points, we 
get 

Uc(c) = 1.8(exp(-0.0027c)-0.444) 
u,(s) = 1.8(exp(-0.00203s)-0.444). 

The utility function that has been normalized 
between zero and one is thus 

u(c,s) = 0.95(1.8(exp(-0.0027c) - 0.444))+ 
0.05(1.8(exp(-O.OO203s) - 0.444)). 

Estimating uncertainties 

As we have previously described, the values of 
factors vary within a large range. For exampie, 
the collective dose depends on the number of 
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people, the mean value of cesium concentration 
in fish, the total consumption of fish and the dose 
factor. Correspondingly, each factor connected to 
the dose has its own uncertainties. For example, 
the mean value of the concentration in fish, which 
is the result of existing measurements, depends 
on the time and the regional distribution of the 
fallout, the nutrient level of the lake, the size of 
the catchment area, the fish species, the size of 
fish, and the time that has passed since the 
deposition. To include all these factors in a 
decision analysis is almost an impossible task. 
However, a notable portion of the estimation of 
uncertainties belongs to the area of gathering 
background data. Furthermore, behind the 
analysis there is always a need of concentrating 
the information for the decision maker so that he 
understands it and so that all lite factors that are 
considered important to the decision are included. 

The calculated weighting factor for the costs 
attribute clearly shows the essential importance 
of the costs in this decision. The costs depend on 
the total consumption offish, which is affected by 
the population's beliefs concerning the health 
detriments caused by fish, this in its turn molded 
by the fallout situation. If there is enough time, an 
opinion poll is the natural and nearly the only way 
of discovering public opinion and the 
consumption offish. In addition, it is necessary to 
watch changes in opinions, because extreme 
changes are possible. A poll entitled "The 
influence of the Chernobyl accident on Finnish 
public opinion concerning the safety of natural 
food products" made by the Finnish company, 
Talouselämä Ltd., acts as a basis for estimating 
the opinion mentioned above21. The span between 
the time of decision and the sampling is three 
years. When the opinion distribution is corrected 
in a more cautious direction, it can be assumed 
that the results correspond to the population's 
opinions regarding the example at the time of 
decision. The population's opinions arc given in 
connection with the revised options of 
countcrmeasures. 

The effect of people's opinions on the 
consumption of fish has been estimated so that the 
subjective belief of the decision maker about a 

decrease in consumption has been connected to 
each opinion category. The decrease in total 
consumption has been estimated as IS % in a 
situation when a recommendation for restriction 
of use is given. According to statistics and other 
information available, a 15 % decrease in the 
consumption of fish was likely in 198722. Thus 
the decrease in the use offish in different opinion 
categories is as follows, the percentage of 
decrease given in brackets: 

I No need for concern about eating fish 
(0%). 

II No need for any great concern (5 %). 
III Uncertain about how to react (10%). 
IV At least a little cautious when eating fish 

(20 %). 
V Has changed his dietary habits and is very 

cautious about eating fish (SO %). 

Revised options for measures 
taken and solution 

Zero option 

No recommendations for measures. On giving 
information the authority states that there is no 
need to restrict the use of fish as food. It is also 
stated without bias, that there is an extremely 
small health risk involved in eating fish. It is, 
however, assumed that the media will take up the 
concentrations in fish as topics in the news. The 
effect of public discussion on the population's 
opinions is shown in Table AI. 

Recommendation for restriction of use 

It is recommended that freshwater fish be 
consumed no more than two or three times a week 
as a main dish in the fallout area. This 
recommendation for restriction measure is meant 
to reach the group of heavy consumers of fish. 
The aim is to decrease the highest doses with as 
little cost as possible. However, on releasing the 
restriction recommendation the authorities 
indicate that there is a health detriment caused by 
radiation connected to the use of fish; so the 
recommendation diminishes the use of fish as a 
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Table AI.The distribution by percentage of the population's opinions in a situation when no 
recommendations for measures is given. 

No concern 
No great concern 
Uncertain 
A little cautious 
Very cautious 

Fallout area 

20 
40 
15 
20 
5 

The rest of Finland 

20 
45 
15 
15 
5 

food in the entire population. In practice, the 
recommendation is only one part of the public 
discussion, and therefore, because of the 
anchoring of concepts it does not have a great 
influence on opinions. Thus the probability that 
the population follows the recommendation in 
accordance with the ideas of the authorities is 
very small. The distribution of the population's 
opinions follows the line shown in Table All. 

Partial brine treatment 

As a countermeasure a brine treatment is 
recommended for predatory fish caught in small 
lakes. The method is a new one and therefore 
strange to households. To render this method 
successful requires an extensive campaign. In 

spite of the campaign, only 5 % of the fish, 
otherwise left unused, are estimated as being 
treated according to the recommendation. Thus 
the treated part does not have any effect on the 
costs or the doses. The population's opinions are 
assumed to be distributed similarly to that above 
when the restriction recommendation is given. 

The values of the attributes and the values of the 
calculated utilities for different actions and states 
(categories of opinion) are shown in decision 
Table AIII for the fallout area and AIV for the 
areas outside the fallout. The expected utility, 
LpiU(xi), where p, are the values of the state 
variables, for different actions can now be 
calculated regionally. These are shown in Table 
AV. 

Table AIl.The distribution by percentage of the population's opinions in a situation when a 
recommendation for the restriction of the use offish is given. 

No concern 
No great concern 
Uncertain 
A little cautious 
Very cautious 

Fallout area 

10 
20 
15 
45 
10 

The rest of Finland 

10 
25 
15 
40 
10 
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Table AIll. The values of the attributes for various actions (costs given as million FIM, dose manSv) and the utility values for different states, in the fallout 
area. 

No measures 

Restriction 
of use 

No concern 

(0,330) 
0.96 

0.20 

(0,330) 
0.96 

0.10 

No great 
concern 

(17,315) 
0.88 

0.40 

(17,315) 
0.88 

0.20 

States 

Uncertain 

(35,300) 
0.81 

Population's opinions 
0.15 

(35,300) 
0.81 

Population's opinions 
0.15 

A little 
cautious 

(70,265) 
0.67 

0.20 

(70,265) 
0.67 

0.45 

Very 
cautious 

(170,165) 
0.35 

0.05 

(170,165) 
0.35 

0.10 



Table AIV. The values of attributes for various actions (costs given as million FIM, dose manSv) and the utility values for different states, outside the 
fallout area. 

No measures 

Restriction 
of use 

No concern 

(0,125) 
0.98 

0.20 

(0,125) 
0.98 

0.10 

No great 
concern 

(25,115) 
0.87 

0.45 

(25,115) 
0.870.77 

0.25 

States 

Uncertain 

(50,110) 
0.77 

Population's opinions 
0.15 

(50,110) 
0.58 

Population's opinions 
0.15 

A little 
cautious 

(100,100) 
0.58 

0.15 

(100,100) 
0.15 

0.40 

Very 
cautious 

(250,60) 
0.15 

0.05 

(250,60) 

0.10 
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Table AV. The regional expected utility for different actions. The upper and lower limits of 
expected utility are given in brackets. 

Fallout area Rest of Finland 

No measures 0.82 (> 0.72) 0.80 (> 0.67) 
Restriction 0.73 (< 0.82) 0.68 (< 0.79) 
of use 
Brine treatment 0.73 (< 0.82) 0.68 (<0.79) 

Before reaching a decision we still have to 
estimate what influence the chosen trade-off 
value between health effects and costs, the 
variations in the utilities, and the variations in the 
distribution of public opinions all have on the 
ranking of the possible measurements taken. The 
trade-off value between the health detriments 
caused by radiation and costs, the value of alpha, 
has a large range: 20 000 - 100 000 FIM/manSv. 
An interesting piece of information is how much 
the utilities change if the trade-off value chosen 
is 100 000 FIM/manSv, instead of the rough 
estimate of 60 000 FIM/manSv used in the 
calculations. Using the trade-off value of 100000 
FIM/manSv and calculating the expected utility 
in the main deposition area we obtain the values 
0.80 (no measures) and 0.71 (restriction of use). 
Because the numerical values and the relative 
change between the measures remain almost 
unchanged, we can conclude that a change of this 
magnitude in the trade-off value has no effect on 
the rank ordering of the actions. It is worth 
recalling that according to utility theory value 
differences have no meaning. 

The action "no measures" has a much greater 
expected utility than "restriction of use". The 
effect of variations in utilities and uncertainties in 
the distribution of opinions on the decision is 
estimated by calculating the lower limit of the 
expected utility for the decision "no measures" 
and the upper limit for the decision "restriction of 
use". 

The utility values need not be absolutely accurate. 
In addition, in this connection they should 
indicate both the preferences of the decision 
maker and the public so that they arc in harmony 
with each other. The values of utility functions 
that fulfil this condition are chosen in such a way 
that they can be found in the range in the middle 
of the attribute scales 

0.3 < uc(150) < 0.5 
0.3 < us(200) < 0.5. 

The utility functions corresponding to these two 
extreme risk attitudes, 0.3 and 0.5, are 
constructed, respectively. Uncertainty in the 
distribution of opinions is taken into account by 
shifting the distribution in a more cautious 
direction when the lower limit of the expected 
utility is estimated. This means that the 
percentage of the categories of opinions I and II 
is decreased by 5 % in each category and 
increased, respectively, by 5 % in Lie categories 
of opinions IV and V. Similarly, when estimating 
the upper limit of the expected utility the 
distribution of opinions is shifted in a more 
acceptable direction. With these assumptions we 
can now calculate the lower limit of th expected 
utility for no measures" and the upper limit of 
the expected utility for "restriction of use". The 
values calculated are presented in Tabic AV. 

If a decision maker accepts the axioms of utility 
analysis as a basis for the analysis and he is 
rational, he should choose the action "no 
measures". The calculated upper and lower limits 
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for the expected utility show that this measure is 
closest to that most truly preferred. However, the 
theory does not literally tell the decision maker 
what to do. The essential aim of the theory is to 
help the decision maker to think more clearly 

about the problem and to bring him further insight 
and understanding. In the light of that 
understanding the decision maker must make his 
own choice. 
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