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Preface 

The Chernobyl accident, which occurred on 26 April 1986, presented maJor 

challenges to the European Community with respect to the practical and regulatory 

aspects of radiation protection, public information, trade, particularly in food, and 

international politics. The Chernobyl accident was also a major challenge to the 

international scientific community which had to evaluate rapidly the radiological 

consequences of the accident and advise on the introduction of any countermeasures. 

Prior to the accident at Chernobyl, countermeasures to reduce the consequences of 

radioactive contamination had been conceived largely in the context of relatively 

small accidental releases and for application over relatively small areas. Less 

consideration had been given to the practical implications of applying such measures 

in case of a large source term and a spread over a very large area. 

The Radiation Protection Research and Training Programme was influential in a 

number of important initiatives taken within the Community immediately after the 

accident. Information was collected by Community scientists and, from it, an 

assessment made within days of the possible consequences. This showed that the 

health impact on the population of the European Community was not expected to 

be significant. About four weeks after the accident, the Programme, together with 

the US Department of Energy, organised a meeting in Brussels during \Vhich the 

. data on dispersion of radioactive material were discussed and evaluated. Several 

other meetings followed soon after on the transfer of radionuclides in the food chain 

and possible health effects. These meetings were carried out in close co-operation 

with the DG XI (Directorate General, Environment, Consumer Protection and 

Nuclear Safety) within the CEC, and, externally, with international organisations 

such as the International Atomic Energy Agency (IAEA) and the World Health 

Organisation (WHO). In addition, the Commission convoked a Committee of high­

level independent scientists to assess the scientific evidence from current research 

in view of recent nuclear incidences, to consider the possible implications for the 

Basic Standards and emergency reference levels and to advise the Commission on 

future action in radiological protection including research. (EUR 11449 EN). 

Soon after the accident, additional research requirements were identified by the 

Programme; these were mainly better methods to assess accident consequences and 
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the further improvement of off-site accident management. Several existing contracts 

were reoriented and new contracts were placed; however, the financial means then 

available within the Programme were insufficient to fund the additional research 

identified as necessary. A proposal for a revision of the Programme was, therefore, 

elaborated in 1986. It comprised 10 specific "post-Chernobyl" research actions. This 

revision, with an additional budget of 10 MEcu for a period of two years, was 

adopted by the Council of Ministers on 21 December 1987. With the help of the 

Management and Coordination Advisory Committee (CGC) "Radiation Protection" 

a number of institutes was identified to carry out the research in a co-operative 

manner, and the research began in the spring of 1988. 

These post-Chernobyl activities have now been completed. Detailed reports on each 

of these studies and an additional volume containing the executive summaries of all 

reports are now available. 

Evaluation of data on the transfer of radionuclides in the food chain, 

Improvement of reliable long-distance atmospheric transport models, 

Radiological aspects of nuclear accident scenarios, 
A. Real-time emergency response systems, 
B. The RADE-AID system, 

Monitoring and surveillance in accident situations, 

Underlying data for derived emergency reference levels, 

Improvement of practical countermeasures against nuclear 
contamination in the agricultural environment, 

Improvement of practical countermeasures against nuclear 
contamination in the urban environment, 

Improvement of practical countermeasures: preventive medication, 

Treatment and biological dosimetry of exposed persons, 

Feasibility of studies on health effects due to the reactor accident at 
Chernobyl. 

The research undertaken within the "post-Chernobyl" actions has added considerably 

to the understanding of the basic underlying mechanisms of the transfer of 

radionuclides in the environment, of the treatment of accident victims and of how 

the environmental consequences of accidents may be mitigated. In addition, progress 

has been made in the setting up environmental surveillance programmes 

development of predictive and decision-aiding techniques, the implementation of 
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which will lead to significant improvements in off-site accident manageznent. Several 

new ideas and lines of theoretical and practical research have originated from the 

post-Chernobyl research and these have already been integrated into the ongoing 

Community Radiation Protection Research Programme. A further important feature 

which should not be overlooked, is the close and effective collaboration of many 

institutes in the research; this has markedly strengthened the ties between 

Community institutes and scientists. The outcome of all of this work is that the 

Community and all other countries are now better prepared and co-ordinated should 

a significant release of radioactivity ever occur again 

Further research is continuing within the current Radiation Protection Research and 

Training Programme 1990-1991 on a number of the "post-Chernobyl" topics; these 

also form part of the proposal of the specific Programme on "Nuclear Fission Safety" 

1992-1993, e.g. real-time emergency management systems, development of 

countermeasures in the agricultural environment, treatment of radiation accident 

victims, etc. Moreover, the Community Programme is currently making a significant 

contribution to an international evaluation, being undertaken by IAEA at the 

request of the Soviet Government, on the consequences in the USSR of the 

Chernobyl accident and of the measures being taken to ensure safe living conditions 

for the affected populations. 

S. Finzi 
Director DG XII.D 
Nuclear Safety Research 

G.B. Gerber 
Head of Unit DG XII.D.3 
Radiation Protection Research 

- v -

E. Bennett 
Director DG XI.A 
Nuclear Safety, Industry 
and Environment, Civil 
Protection 





B) The RADE-AID System 

Participating Institutions 

National Radiological Protection Board (NRPB) 
Chilton, Didcot, Oxon OXll ORQ, United Kingdom 

ME. Money, CA Robinson, 

Kemforschungszentrum Karlsruhe (KfK) 
7500 Karlsruhe, Federal Republic of Germany 

J. Ehrhardt, C. Steinhauer, 

Department of Industriele Veiligheid of the Hoofdgroep Maatschappelijke Technologie of the 
Nederlandse Organisatie voor Toergepast Natuurwetenschappelijk Onderzoek (MT-TNOIIV) 
Apeldoom, the Netherlands 

C.S. van den Bosch, G. Wagenaar. 

- VII -





Ackno~ledgernents 

The authors would like to thank the following, for their 

contributions to this project: J HAM van der Brugh, B G M Elens, 

D de Weger, I Woodrow, N A Higgins, S Aurnonier, S M Hay~ood. 

• IX • 





CONTEN"TS 

EXECUTIVE SilltMARY 

I INTRODUCTION 

II 

III 

IV 

v 

PROBLEMS IN COUNTERMEASURES DECISIONS 

DECISION LOGIC 

III.l 
III.2 
III.3 

III.4 

III.5 
III.6 

Introduction: Decision Analysis 
Appropriate Methods 
Structuring the Problem 

III.3.1 
III.3.2 
III.3.3 

Hierarchy 
Evaluation Matrix 
First Eliminations 

The Multi-Attribute Value Technique 

III.4.1 
III.4.2 
III.4.3 

Valuation of Effect Scores 
Relative Importance of Attributes 
Aggregation Model 

Sensitivity Analysis 
Evaluation of Available Software Packages 

IMPLEMENTATION OF THE SYSTEM 

IV .1 
IV.2 

Presentation 
Decision Logic 

IV.2.1 
IV.2.2 
IV.2.3 
IV.2.4 
IV.2.5 

File Manipulation 
Alternatives 
Attributes 
Effect Scores 
Results 

IV.3 Technical Implementation 

ILLUSTRATIVE APPLICATIONS 

V.l 

V.2 

Control of External Exposure 

V.l.l 
V.1.2 
V.1.3 
V.1.4 
V.1.5 
V.1.6 
V.1.7 

V.1.8 

Accident Scenarios 
Decision Attributes 
Countermeasures Options 
Prediction of Effect scores 
Valuation of Consequences 
Ranking 
Sensitivity of the Ranking to the 
Assumed \\7eights 

Sensitivity to the Value Functions Assigned 

Control of Food 

V.2.1 
V.2.2 
V.2.3 

Accident Scenarios 
Countermeasure Alternatives 
Decision Attributes for Grain 

V.2.3.1 
V.2.3.2 
V.2.3.3 
V.2.3.4 

Health Branch 
Monetary Costs Branch 
Socio-Political Branch 
Practicability Aspect 

- XI -

Page 

XIII 
1 
2 

4 
4 
6 
8 

8 
10 
10 

12 

12 
18 
22 

24 
25 

27 

33 
35 

36 
37 
37 
39 
40 

41 

42 

44 
44 
45 
54 
55 
58 
61 

64 

74 

77 

77 
78 
83 

84 
86 
87 
88 



V.2.4 Discussion of the Accident Consequences 

V.2.4.1 Release Type A 
V.2.4.2 Release Type B 
V.2.4.3 Release Type C 
V.2.4.4 Release Type D 

89 

90 
90 
95 
95 

V.2.5 Discussion of the Decision Analysis Results 96 

V.2.5.1 Evaluation Matrix 
V.2.5.2 Value Functions 
V.2.5.3 Weights 
V.2.5.4 Ranking and Sensitivity Analyses 

V.3 Discussion 

VI CONCLUSIONS 

VII REFERENCES 

ANNEXES 

96 
99 
99 

100 
111 
112 
115 

A- A BRIEF INTRODUCTION TO UTILITY 117 

B -EXAMPLES OF TRANSFORMATION OF RANKS INTO WEIGHTS 119 
C - SWING WEIGHTS 121 
D - CROSS-ATTRIBUTE INDIFFERENCE METHOD 123 
E - RELATING WEIGHT FACTORS TO THE SET OF ALTERNATIVES 125 
F - AGGREGATION OF HIERARCHICAL ATTRIBUTES 127 
G - DETAILED DESCRIPTION OF THE FUNCTIONS PRESENTLY 

IMPLEMENTED IN RADE-AID 129 
H - THE PREDICTION OF EFFECT SCORES FOR THE EXTERNAL 

EXPOSURE COUNTERMEASURES APPLICATIONS 133 
I - THE PREDICTION OF EFFECT SCORES FOR THE GRAIN 

COUNTERMEASURES APPLICATIONS 137 

REFERENCES 163 

GLOSSARY 165 

- XII -



EXECUTIVE SU~l~1ARY 

I INTRODUCTION 

If an accidental release of radionuclides occurs, it may lead to an 

increase in the exposure of individuals to radiation and, hence, to an 

additional health risk in the exposed population. The significance of 

this additional health risk will very much depend on the magnitude and 

characteristics of the release and the subsequent environmental 

contamination. Depending upon the assessed significance of the resulting 

health risk, countermeasures may be implemented to reduce the exposure of 

the affected population. 

In order to provide guidance for decisions on countermeasures, 

international recommendations have been developed. These are necessarily 

generic in nature and need to be developed in more detail in emergency 

plans for specific sites and situations. Such site specific emergency 

plans take account of local factors, such as the population distribution, 

the type of potential accidents and the available resources for 

implementing countermeasures. However, site specific emergency plans 

cannot provide detailed guidance for all postulated accident scenarios and 

variations in local conditions. Instead, the plans combine specific and 

quantitative advice with an allowance for flexibility of response, 

recognising the importance of informed judgement concerning the actual 

situation as an input to decisions on countermeasures. 

The aim of the RADE-AID project is to develop a computer system which 

can be used to support the formulation of decisions on countermeasures 

following an accidental release of radionuclides. The system is intended 

to be an aid following an actual accident and a tool for assistance in 

planning and training. Possible uses include: aiding the determination of 

planned intervention levels and withd~awal criteria, the development and 

exercising of emergency plans, the training of those responsible for 

making decisions following an accid~nt and analysis of the decision making 

process itself. 

RADE-AID has been developed in a joint project between the 

Kernforschungszentrum Karlsruhe (KfK, Karlsruhe, Federal Republic of 

Germany), the National Radiological ProteGtion Board (NRPB, Chilton, 

United Kingdom) and the department of Industriele Veiligheid of the 

Hoofdgroep Maatschappelijke Technologie of the Nedeflandse orsanisatie 

voor Toergepast Natuurwetenschappelijk Onderzoek (MT-TNO/IV, Apeldoorn, 
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The Netherlands). This project ~as funded by the Commission of the 

European Communities (CEC). 

This summary describes the problems inherent in formulating decisions 

on countermeasures and the manner in which RADE-AID can assist in 

addressing these problems. The final section presents some stylised 

applications of the RADE-AID system, which illustrate its use and the form 

of support which it can provide in the decision-making process. 

II THE PROBLEM 

The purpose of introducing countermeasures after an accidental 

release of radionuclides is to reduce the exposure of (and hence, the 

health risk to) individuals. However, the consequences of taking 

countermeasures are not limited to the reduction of exposures. There will 

be other consequences, some beneficial, some harmful, and it is necessary 

to take account of all these consequences when formulating decisions on 

countermeasures. 

Principles have been developed for the introduction of 

countermeasures which recognise this need to take account of all the 

beneficial and harmful consequences. The first principle states that no 

countermeasure should be introduced unless it produces more good than 

harm, ie the introduction of the countermeasure should be justified. The 

second principle states that the countermeasure should be introduced in a 

manner which maximises the net benefit. This is known as optimisation, 

and is complementary to the principle of justification. 

In order to determine whether the introduction of a countermeasure is 

both justified and optimised, it is necessary to evaluate all the 

beneficial and harmful consequences of introducing that countermeasure. 

Apart from reducing the radiation health risk to the potentially exposed 

population, the major beneficial consequence of introducing 

countermeasures is likely to be the reassurance provided to individuals 

because action has been taken. However, there may be a wide range of 

harmful consequences, depending on the countermeasure involved. Some 

countermeasures may involve physical risk to individuals, for example, 

evacuation undertaken in adverse weather conditions such as fog or ice. 

Most countermeasures will involve a monetary cost, although the level of 

expenditure will range from relatively small amounts for short-term, small 

scale countermeasures (eg sheltering within a small area) to very large 

amounts for such countermeasures as widespread decontamination or food 
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II 

II 

interdiction. Moreover, the nature of all the monetary costs will not bet 

same. For example, intervention measures will require the expenditure of 

money, whilst the interdiction of economically productive land will resul 

in the loss of potential income. Other possible harmful consequences are 

disruption to the normal or anticipated lifestyles of individuals and 

population groups, exposures to workers involved in implementing the 

countermeasures (particularly intensive decontamination), anxiety in the 

affected population resulting from the knowledge that countermeasures are 

required; and repercussions on international relations and trade. 

The first problem is quantifying all these very different types of 

consequences. Whilst some are, at least in theory, straightforward to 

assess (eg monetary cost) others, particularly social consequences such as 

disruption, reassurance and anxiety, are much more difficult to quantify. 

The second problem is that the beneficial and harmful consequences of 

taking countermeasures are unlikely to be shared equitably. In terms of 

the health risks, the risks resulting both from exposure to radiation and 

from implementation of the countermeasure vary between individuals, and 

particularly with age. For example, elderly people may be at greater 

physical risk from the introduction of countermeasures (particularly a 

evacuation) than younger people, whilst their risk of incurring cancer, a 

result of radiation exposure, is substantially lower. Another way in 

which the health risks may be shared unequally concerns workers, since 

workers deployed in the contaminated area (eg for informing the public on 

the countermeasures to be introduced, for facilitating evacuation or for 

carrying out decontamination) may receive enhanced exposures compared with 

those of the people they are protecting. Monetary costs are also unlikely 

to be shared equitably. For example, where there is disruption to trade 

the costs may be borne by individuals and firms located well away from the 

area in which the countermeasure is implemented. Finally, there is likely 

to be an inequable sharing of the social costs of countermeasures. For 

example, whilst the decision to take action may provide reassurance to one 

group of individuals, the knowledge that such action is necessary may 

result in increased anxiety for others. Again, if an area of land is 

interdicted, individuals' leisure and work activities may be significantly 

disrupted, or, if individuals are moved out of an area, the receiving 

communities may experience serious social upheaval. It is clear therefore 

that decisions on countermeasures raise questions of social equity; social 
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value judgements must be made in order to determine how widely the harmful 

consequences of countermeasures should be shared. 

A third problem concerns the possible over-reaction of the public to 

a countermeasure. For example, if a particular food is interdicted for 

concentrations exceeding a given level, then the public may avoid 

purchasing that type of food entirely. Again if people are relocated from 

an area, other individuals, outside of, but relatively close to, that 

area, may perceive themselves to be at risk and so move away, causing 

consequent social problems for both the area they leave and the place they 

move to. Finally, there may be pressure on the decision-maker to take 

countermeasures in order to demonstrate to the population that caring 

action is being taken. However, if action is taken then this may 

reinforce a belief that the situation is life-threatening. 

It is therefore clear that any decision to introduce countermeasures 

must take account of a number of different factors. These factors may 

often compete, in the sense that ensuring the best outcome for one may 

result in a less favourable outcome foi another. It is therefore 

necessary to balance all the factors, weighing one against another, in 

order to determine what are the best courses of action in a particular set 

of circumstances. 

It is recognised that the conclusions of this balancing process may 

be dependent upon the exact circumstances at the time of the accident. 

The radiological, economic and, particularly, the political and social 

circumstances will determine both the magnitude of the beneficial and 

harmful consequences of introducing given countermeasures, and the degree 

to which they influence the final decision. For example, it is entirely 

possible and reasonable that, given an accident which affects different 

places, possibly at different times, the decisions taken on 

countermeasures for each of these places may differ. What is important 

for the decision process is that all the important factors can be shown to 

have been assessed, so that the best actions may be taken in each 

particular situation. 

III The RADE-AID SYSTEM 

General Decision Aiding Techniques 

It has been shown in the previous section that the problem facing 

decision-makers following an accidental release of radionuclides is one of 

balancing many complex and competing factors {hereafte& called 
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'criteria'). Decision aiding techniques have been developed for, and 

applied in, a wide range of situations involving competing criteria. 

Their usefulness is firstly based on the way in which they help the 

problem to be structured and broken down into its component parts and 

secondly, on the way in which they support the decision maker in working 

with the formal selection process to find an optimal solution to the 

problem. In this way, specific aspects of the problem can be addressed 

explicitly and insights gained into their significance for the final 

decision. 

A review was carried out of the different techniques which are 

available, in order to determine the best approach for the RADE-AID 

decision logic. Of these, three techniques were short-listed for more 

detailed consideration: east benefit analysis (CBA), analytical hierarchy 

process (AHP) and multi-attribute value/utility technique (MAVT). 

Some applications of CBA provide very similar features to those of 

MAVT, and it was recognised that, in certain situations, CBA techniques 

may be appropriate for aiding decisions on countermeasures. However, it 

is difficult, within the CBA framework, to explicitly take into account 

the preferences of decision-makers for competing criteria. Furthermore, 

it may be difficult (or impossible) to express certain criteria in 

monetary terms. Finally, it is also difficult to extend the CBA methods 

to take account of the valuation of uncertainty. This last disadvantage 

of CBA must not be confused with sensitivity analysis. Sensitivity 

analysis is always possible, but it merely explores uncertainty in the 

magnitude of consequences, not uncertainty in the nature of these 

consequences. Since these are all aspects of the problem RADE-AID is 

designed to address, it was decided not to use CBA for the system. 

AHP supplies an explicit structuring and analysis of the problem, but 

it is not ideal for enabling trade-offs to be explored and expressed. 

Also, if the set of criteria is revised, it is necessary to re-evaluate 

all the trade-offs and preferences for every criterion, regardless of 

whether they were considered in the original analysis. One of the 

advantages of AHP is that it enables internal consistency checks on these 

trade-offs and preferences to be made. This aspect of the method has been 

used in the RADE-AID system as an optional technique. 

MAVT is a well-developed and proven method for evaluating options in 

decision situations involving multiple criteria. The technique combines 
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relatively straightfor~ard mathematics and clear logic structure, with 

flexibility and ease of interaction with the user. Explicit trade-offs 

can be made between the criteria, and the relative importance attributed 

to the outcomes of different options, evaluated against a single 

criterion, can be specified directly. Finally the technique can be 

extended to address uncertainties about the predicted outcomes of 

decisions to value the risk involved and to balance it against other 

criteria. For these reasons MAVT was selected to form the basis of the 

decision logic for the RADE-AID system. 

Description of the RADE-AID Decision Logic 

The most important feature of the RADE-AID decision logic is the 

emphasis on careful structuring of the problem, so that it can be broken 

down into a number of discrete steps. It is intended that information 

from each of these steps (ie not just the final step) may be used by the 

decision-maker as input to the decision. The steps can be summarised as 

follows: 

the identification of decision criteria 

the identification of decision options 

the calculation of the consequences of each decision option in terms 

of the criteria 

a. the valuation of the consequences and 

b. the determination of the relative importance of the criteria 

the overall valuation and ranking of the decision options in terms of 

the stated criteria 

the exploration of the sensitivity of the ranking to changes in the 

valuation of the consequences and to trade-offs between the 

criteria. 

The first step is to define the problem, in terms of the desired 

objectives. Following any accident, the objective must be to act in a way 

which is both justified and optimised (as discussed in Section II). In 

other words, the objective must be to maximise the net benefits, taking 

into consideration the possibility of introducing no countermeasures. 

This overriding objective can be described in terms of subsidiary 

criteria, and these can be sub-divided further into a number of even more 

detailed criteria. This sub-division can continue until a set of criteria 

has been defined which is helpful in terms of evaluating the consequences 

of different countermeasures options. 
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In order to facilitate this structuring of the criteria, RADE-AID 

enables the user to construct a visual representation of the problem in 

the form of a criteria hierarchy. An example is helpful in this context. 

Following an accident which results in the contamination of milk by 

iodine-131, the maximisation of the net benefits may be split into four 

criteria which are considered to be important for the implementation of 

milk bans: the health risk avoided, the monetary cost and the adverse 

response of the population and the international community. Depending 

upon the available information and the nature of the situation, a useful 

further sub-division of the 'health' arm might be: 'collective dose 

avoided', 'individual dose avoided' and 'collective dose received by 

workers implementing the countermeasure'. The criteria hierarchy for this 

example is shown in Figure 1. In RADE-AID, this hierarchy may be 

constructed interactively by the user, with each 'arm' of criteria being 

split down to the level of detail most helpful for the problem. Moreover, 

if, following investigation of the problem using RADE-AID, the initial 

structure is found not to be ideal, it may be readily altered as 

necessary. 

Once the criteria have been clearly set out, the user must specify 

the decision options available. In theory, there may be a very wide range 

of options, but in reality, practical and political constraints may limit 

this range significantly. Taking the above example, the range of decision 

options might be to set a milk ban for intervention levels of 

concentration ranging between 100 Bq/1 and 10 4 Bq/1. As with the decision 

criteria, it may be helpful to describe these options in finer detail, for 

example, by specifying the disposal options which may be possible for the 

contaminated milk, in conjunction with each intervention level option. 

Generally, it is helpful to limit the number of countermeasures options 

considered; often it is most profitable to specify a few options which 

bound the possible range, and then, by using RADE-AID iteratively, to 

refine the options which appear most promising. 

The consequences of taking each countermeasure option are then 

evaluated against the decision criteria. The evaluation is typically 

performed by the use of models or expert judgement. 

After the determination of the consequences (either qualitatively or 

quantitatively) a relationship between consequences and the degree of 

appreciation of these consequences has to be established (for each 
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criterion). In RADE-AID this valuation is measured on a scale bet~een 0 

and 1, ~here 0 indicates that the consequence of the countermeasure option 

is appreciated least, and 1 indicates that it is appreciated most. It is 

also possible not to assess the consequences of countermeasures and the 

valuation explicitly. In this case, a valuation of the countermeasures is 

performed by directly assigning values to specific options. 

Having defined the problem and evaluated the consequences of 

different options in terms of the criteria, the decision-maker then 

specifies the overall importance of each criterion for his decision (ie he 

assigns weights to each criterion). These weights may reflect both the 

range of the consequences evaluated for each criterion and the general 

importance of the criterion itself. The effect of the range of 

consequences on the weighting of a criterion may be illustrated as 

follows: if the monetary costs of the milk bans varied between £10 4 and 

£10 8
, whilst the collective doses saved only varied between 100 man Sv and 

1000 man Sv, the scale on which monetary costs are valued will need to be 

longer than that for dose saved, and the relative weight assigned to the 

criterion will need to be correspondingly greater. The weights should 

clearly also reflect the importance of that criterion. In particular, the 

weighting of the criterion of adverse public response would be expected to 

reflect very strongly the attitude of the decision-maker; some 

decision-makers might assign a relatively high weight to this criterion, 

almost regardless of the range of actual scores evaluated against it. 

This may be demonstrated by comparing particular points on different 

criteria scales. RADE-AID provides several procedures for eliciting these 

weights and enables the user to select the procedure most suited both to 

his way of thinking and to the problem. 

At this point, each option has been assigned a set of values which 

reflect how well each criterion is met by that option, and each criterion 

has been assigned a weight, which indicates its relative importance to the 

decision. RADE-AID combines the values with the weights to evaluate the 

overall ranking of the countermeasures options in terms of how well they 

achieve the stated criteria. This process gives each option a score 

between 0 and 1, 1 indicating the most preferred option. All the options 

are presented to the user, together with their scores, so that the ranking 

can be examined. Graphical displays enable the user to investigate the 
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effect on the overall ranking of options of varying the relative weights 

of the criteria. 

Use of RADE-AID 

RADE-AID has been designed to allow it to be used iteratively for 

planning and training purposes, although it is unlikely that this facility 

will be of value in its use following an accident. In the preliminary 

stages of planning, the problem may be poorly understood and the 

significant factors only very poorly quantified. However, by using 

RADE-AID to gain insight into the problem, and also into the stability and 

robustness of the ranking of countermeasure options, the decision-maker 

can be helped to structure his thinking and identify more clearly the 

reasons for and implications of his decision. 

One of the important features of the RADE-AID system is that it 

enables trade-offs between the benefits and the harmful consequences of 

taking different courses of action to be explicitly addressed and 

explored. These trade-offs are based on the judgement of the 

decision-maker. They depend on the decision-maker's assessment of the 

relative desirability of taking each action, with respect to their 

consequences, and on the relative importance he attaches to each type of 

consequence. Trade-offs are personal; there can be no objective or 

universal rules for making them. 

It is important to recognise that whilst the use of decision aiding 

techniques can help to make the reasons for decisions clearer and to 

target the expenditure of resources into appropriate areas, they can also 

be indiscriminately rigorous, in that all aspects of problems which might 

have been overlooked or assessed intuitively may be explicitly addressed 

and evaluated. It is therefore important that the level of resource 

applied to the decision should match the importance and complexity of the 

problem to be solved. The RADE-AID system is being specifically developed 

to enable the appropriate level of resources to be utilised in different 

applications. Default data and supporting guidance are being collected to 

assist users in applications where detailed research is not warranted. 

Where better information is available or desirable, or where the decision 

is intended solely to reflect the judgement of the user, the system will 

accept alternative input generated by the user. 

In the preceding paragraphs, the general operation of the RADE-AID 

system has been described. RADE-AID is an evolving system, and the 
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prototype version ~hich has been developed under the present contract does 

not include every feature which ~ould be desirable in such a system. For 

the prototype system emphas~s has been placed on development of the 

decision logic and user-friendly interaction with the decision-maker, for 

both the elicitation of criteria, values and weights and the performance 

of sensitivity analyses. Less emphasis has been placed on the calculation 

and display of relevant information concerning the radiological situation 

and other factors. In the prototype, the data necessary for the decision 

process have to be provided from outside the system. This prototype 

system has been designed to run on IBM-compatible Personal Computers. 

It should be emphasised that RADE-AID is not intended to replace the 

role and judgement of the decision-maker. It is intended as a decision 

aiding tool, not a decision-making machine. Given a decision problem with 

competing criteria, a decision-maker must necessarily assess the 

consequences of various alternatives and value them according to these 

criteria. This process may be achieved intuitively or explicitly. The 

advantage of performing the analysis explicitly, using formal techniques, 

is that the process is clearly structured and it is less likely that 

important factors are overlooked. Moreover, by indicating which aspects 

of the problem are crucial to the decision, and which are not, resources 

can be channelled, to obtain the information necessary for formulating the 

decision. 

IV ILLUSTRATIVE APPLICATIONS 

In order to explore the appropriateness of the decision logic for the 

management of radiological emergencies, two illustrative applications were 

considered. These explored the use of the decision logic for decisions on 

countermeasures against external exposure and on food interdiction. The 

applications were deliberately stylised both for simplicity and to 

illustrate the possibilities of the system. The purpose of these 

illustrative applications was solely to demonstrate whether the prototype 

system forms the basis of an appropriate and flexible decision-aiding 

tool. However the structures developed for the problems and the 

associated data are considered to be appropriate for providing assistance 

with planning. 

The two applications were chosen to explore the introduction of very 

different types of countermeasure, the first involving the potential 

relocation of people and the potentially resource-intensive operation of 
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decontamination, and the second involving the combinations of actions 

which could be taken to reduce the exposure of the population from 

contaminated foods. In addition, different procedures ~ere used for 

valuing the consequences of countermeasure options in terms of the 

criteria, and for eliciting the relative weights assigned to the criteria. 

In this way, the use of the system was explored as fully as possible. For 

the purposes of these illustrations it was assumed that the 

countermeasures for external exposure and food interdiction are completely 

independent. 

The two types of problem (control of external exposure and control of 

foods) have been structured using the same fundamental criteria. These 

are the health risks avoided, the monetary costs, and the adverse public 

and international reaction. These criteria are those illustrated in 

Figure 1. Depending on the application and valuation approach (ie direct 

or indirect) adopted these criteria hierarchies were further split so that 

the more general criteria were more precisely defined. 

Control of External Exposure 

One possible long term exposure pathway, following an accidental 

release of radioactive material, is-external exposure from radionuclides 

deposited on the ground. If this occurs, there are two types of 

countermeasure which can provide protection for individuals in the 

contaminated area; the individuals may be moved out of the area until the 

levels of radioactivity have reduced, or the area may be decontaminated. 

If both types of countermeasure are carried out, then the decontamination 

of land and property will reduce the time for which individuals must be 

kept out of the area. 

The criterion for introducing relocation is generally specified in 

terms of a dose rate; for decontamination, a target level of 

decontamination is commonly defined. The problem for the decision-maker 

is therefore to determine which countermeasures, if any, should be carried 

out, and to specify the appropriate criteria for them. (In practice, the 

problem is more complex, because other aspects of the decision, such as 

how quickly people from different areas should be moved out, the 

appropriate dose rate to allow return from relocation and whether some 

areas should be preferentially decontaminated, also need to be addressed. 

However these aspects were omitted from the illustrative applications.) 
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For the purposes of exploring the use of the RADE-AID decision logic, 

two highly stylised accident situations have been postulated. They are 

each identical in magnitude and release characteristics, but one is 

assumed to occur in an area of relatively low population density (site A), 

whilst the other is assumed to occur in a more densely populated area 

(site B). The assumed releases are very large, representing the rapid 

release of about 1% of the volatile core inventory of a large (gigawatt) 

reactor. 

The criteria defined in the hierarchy in Figure 1 were represented by 

ten proxy attributes which it was considered might be more easily 

quantifiable than the primary criteria. These included such factors as 

the numbers of people initially relocated and the perceived acceptability 

of the intervention level used. These attributes were used as performance 

indicators for the various options, with regard to the criteria concerned. 

The choice of these attributes reflected the judgements and preferences of 

the authors; it was recognised that they would not necessarily encompass 

all the factors of concern to decision-makers. However, it was judged 

that they formed a sufficiently comprehensive set for the purposes of 

illustrating the application of the system. 

The possible countermeasures options at each site were defined to be 

a set of five different intervention levels for relocation, ranging from 5 

mSv y- 1 to 100 mSv y- 1
• Since much of the land around site A was assumed 

to be agricultural or parkland, it was assumed, for simplicity, that 

decontamination of the land would not be carried out (or at least, only in 

relatively small areas). However, for site B, which was assumed to be 

mainly urban or industrial the option of decontamination was considered. 

Use of RADE-AID to explore these scenarios proved very useful in 

providing insights into the problems posed and also in indicating where 

more research was required. Two specific illustrations of these benefits 

are discussed below. However, it should be remembered that any 

conclusions drawn result from the personal preferences of the authors and 

are not intended to necessarily reflect the conciusions which others would 

draw. 

It became apparent that although the consequences of taking the same 

countermeasures at the two sites were often very different (eg fewer 

people were affected for site A), this would not necessarily result in the 

adoption of different intervention levels at the two sites. Clearly, the 
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choice of intervention level depends upon the preferences and ~eights 

expressed for the various consequences, but since a reduction in 

detrimental consequence (eg number of people relocated) was usually 

accompanied by a reduction in a beneficial consequence (eg collective dose 

saved), consistent assumptions regarding the criteria often yielded 

similar conclusions regarding the best intervention level for the two 

sites. 

RADE-AID showed that unless very significant weight was attached to 

the criterion of monetary costs, then the uncertainty on the calculated 

costs did not influence the overall decision, and so significant 

refinement of these calculations would probably not be warranted. 

Control of Food 

Internal radiation exposure to members of the public through 

ingestion of contaminated foods may be limited by the imposition of food 

bans. In the present context, food bans include all methods by which 

consumption of contaminated food may be prevented; whether by disposing of 

contaminated food or by reducing its contamination using processing or 

storage before it is available for consumption. Following Chernobyl, food 

was banned if the concentration of radionuclides in it exceeded given 

intervention levels. This approach was used in the stylised applications 

of RADE-AID for food bans. 

If a decision is taken to ban food with activity concentrations 

greater than a specified intervention level, then it is necessary to 

determine how food exceeding these levels should be dealt with, and also, 

how future contamination of foods above the intervention levels can best 

be avoided (eg natural or forced decontamination of land, or feeding 

alternative feeds to livestock). Such decisions may be quite complex. 

For example there may be several radionuclides to control (each with 

different physical and chemical properties), and the ease with which 

control measures may be applied may vary with soil type, weather 

conditions and the agricultural practices of the area. Moreover, there 

will exist external constraints in terms of the resources (eg equipment 

and storage facilities) which can be utilised. Some possible courses of 

action may result in additional doses to workers or even to the general 

population. 

For the illustrative application of RADE-AID it was decided to 

consider only the imposition of grain bans. The harvesting of grain 
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occurs discretely (and has been assumed here to occur only once a year) 

and this makes it easier to model the consequences of taking different 

countermeasures. However, it is judged that the consideration of grain 

bans provides a sufficient demonstration of the potential of RADE-AID as a 

decision-aiding system for the control of other foods. 

For the example applications four releases were considered which 

cover a broad range of characteristics with respect to the temporal and 

spatial extent of food bans. Three releases of different magnitudes were 

assumed to occur in summer, whilst the fourth was assumed to take place in 

winter. The winter release and two of the summer releases consisted of a 

mixture of iodine-131, caesium-134 and caesium-137. The remaining summer 

release contained only iodine-131. 

For the countermeasures options, three intervention levels of 

activity concentration for each radionuclide were chosen, spanning two 

orders of magnitude. In addition, a set of options for dealing with the 

banned grain, and the land that produced it were specified. These 

included storage, processing and disposal of the banned grain and various 

types of decontamination measures applied to the land. 

The criteria hierarchy shown in Figure 1 was extended for the 

monetary arm, but not for the socio-political arm. This was to enable the 

use of the direct valuation of options against the two socio-political 

criteria to be explored. Supporting information concerning the extent of 

bans, the amount requiring disposal, etc, was calculated and presented to 

the user to assist in the direct valuation. 

These applications demonstrated a number of features of the system. 

The ability to screen out, from the decision logic, countermeasures which 

could never achieve the stated criteria (eg situations where it would not 

be practical to store the milk until contamination levels had reduced 

below the intervention level) was useful for reducing the number of 

options which were presented to the user, and hence the perceived 

complexity of the problem. Exploration of the ranking using the 

sensitivity analysis facilities was useful in providing deeper insights 

into the problem and for identifying those options which warranted more 

detailed investigation. A comparison of the winter and summer accidents 

clearly showed that the optimum countermeasures vary with time of year at 

which the accident occurs. 
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Discussion 

The illustrative applications demonstrated that RADE-AID can form a 

useful tool in the determination of decisions on countermeasures. A 

number of aspects of its usefulness were highlighted, and these are 

discussed below. 

The structuring of the problems in terms of the criteria hierarchies 

and the identification of factors relevant to the decision helped in the 

thorough exploration of the problem and an explicit consideration of which 

were the key criteria. This meant that when the consequences of taking 

various actions were presented, their significance was more readily 

appreciated and quantified. 

The explicit consideration of all types of consequences and the 

presentation of information relating to them provided useful insights into 

the decision problem. For example, consequences which might generally be 

considered important might be shown to have no influence for a particular 

accident scenario, or consequences could be identified as being a 

potentially very significant factor in the decision. 

The explicit assigning of weights and values also deepened 

understanding of the decision problem. It encouraged the thorough 

consideration of each of the criteria and their relative importance. It 

also required the user to properly assimilate the information provided by 

the consequence predictions, so that meaningful values and weights could 

be assigned. Thus, this step, again, encouraged deeper insights into the 

decision problem, and therefore, into the best solutions. 

The overall ranking of the countermeasures options, by the system, in 

terms of the expressed preferences of the user, was helpful in two 

respects. First, it often clearly indicated countermeasures options which 

could be excluded from further consideration (ie those at the bottom of 

the ranking order). Second, it triggered re-evaluation of those options 

which were ranked towards the top of the ordering. This was particularly 

important in cases where the initial ranking appeared to be 

counter-intuitive. In this case, re-examination of the problem and the 

weights and values assigned, would reveal the reasons for this ordering. 

It was then possible to decide whether the inputs required changing, or 

whether, in fact, the overall ranking did, indeed, reflect the relative 

merits of the options. 
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The facilities for exploring the sensitivity of the ranking to the 

assigned weights were found to be particularly helpful. Using these 

displays, it could be seen clearly which inputs were dominating the 

ranking, and those to which the overall ranking was most sensitive. ~here 

the ranking was sensitive to a particular value, the accuracy of the 

prediction leading to the assignment of that value could be assessed and 

conclusions reached concerning the robustness of the evaluation. 

Similarly, where the ranking was sensitive to the magnitude of a 

particular weight, the degree of belief in that weight could be assessed 

and conclusions drawn. Equally, the sensitivity analyses could be used to 

show the range of possible rankings which might reasonably be achieved by 

varying the values and weights within what were judged to be reasonable 

bounds. In this way, options could be identifed which would never be 

optimum, and also the range of options which could be justified reasonably 

well could be seen. 

V CONCLUSIONS 

The choice of the appropriate type and level of intervention to 

mitigate the radiation exposure of the population after radioactive 

contamination of the environment, requires a balance to be achieved 

between a variety of competing criteria. The magnitude of these criteria 

may vary with the accident characteristics, and their relative importance 

may be sensitive to political and social value judgements. The 

radiological decision-aiding system, RADE-AID, uses decision analysis 

techniques to compare and rank different intervention strategies by 

considering both directly quantifiable factors and factors of a 

socio-political nature. The user can interact directly with the system, 

so RADE-AID can help the decision-maker to explore the consequences of and 

reasons for his decisions. 

A prototype version of RADE-AID has been developed. This computer 

program comprises the full decision logic, together with facilities for 

assigning weights, constructing criteria hierarchies and value functions, 

and performing sensitivity analyses on the influence of changing the 

weights. It can be made available to interested institutions on a 

research basis. It is hoped that, through this interaction with other 

researchers, enhanced progress on this project can be achieved. In this 

phase of the project, emphasis has been placed on development of an 

appropriate decision logic and procedures for eliciting value judgements 

·XXVIII· 



and ~eights from the user. Subsequent development ~ill include enhanced 

facilities for presentation of supporting information. 

In order to explore the usefulness of the RADE-AID decision logic, 

some stylised applications have been considered. These involve decisions 

on the implementation of countermeasures to reduce external exposure and 

the imposition of food bans to reduce internal exposure. The results 

demonstrated that use of RADE-AID can provide insights into the decision 

problem, and so assist the user in determining the appropriate course of 

action. They also highlighted areas where improvements in the system 

would be beneficial. These were generally aspects of the system which had 

been previously identified for development in the next phase of the 

project. 

Future work will concentrate on the presentation of supporting data 

and extensions to the decision logic and sensitivity analysis functions. 

However, the most important aspect of future work will be to discuss the 

application of RADE-AID with decision-makers. If RADE-AID is to be of 

assistance to decision-makers then it is important that its further 

development should be carried out in conjunction with them. In this way, 

guidance can be developed on the appropriate structuring of 

countermeasures problems, and the valuation of consequences and relative 

weights to criteria, so that the system can be tailored to the 

requirements of those with responsibility for deciding on countermeasures 

after an accident. 
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I l~TRODuCTIO~ 

If an accidental release of radionuclides occurs, it may lead to an 

increase in the exposure of individuals to radiation and, hence, to an 

additional health risk in the exposed population. The significance of 

this additional health risk ~ill very much depend on the magnitude and 

characteristics of the release and the subsequent environmental 

contamination. Depending upon the assessed significance of the resulting 

health risk, countermeasures may be implemented to reduce the exposure of 

the affected population. 

In order to provide guidance for decisions on countermeasures, 

international recommendations have been developed. These are necessarily 

generic in nature and need to be developed in more detail in emergency 

plans for specific sites and situations. Such site specific emergency 

plans take account of local factors, such as the population distribution, 

the type of potential accidents and the available resources for 

implementing countermeasures. However, site specific emergency plans 

cannot provide detailed guidance for all postulated accident scenarios and 

variations in local conditions. Instead, the plans combine specific and 

quantitative advice with an allowance for flexibility, recognising the 

importance of informed judgement concerning the actual situation as an 

input to decisions on countermeasures. 

The aim of the RADE-AID project is to develop a computer system which 

can be used to support the formulation of decisions on countermeasures 

following an accidental release of radionuclides. The system is intended 

to be an aid following an actual accident and a tool for assistance in 

emergency planning and training. Possible uses include: aiding the 

determination of planned intervention levels and withdrawal criteria, the 

development and exercising of emergency plans, the training of those 

responsible for making decisions following an accident and analysis of the 

decision making process itself. 

RADE-AID has been developed in a joint project between the 

Kernforschungszentrum Karlsruhe (KfK, Karlsruhe, Federal Republic of 

Germany), the National Radiological Protection Board (NRPB, Chilton, 

United Kingdom) and the department of Industriele Veiligheid of the 

Nederlandse organisatie voor Toegepast Natuur-wetenschappelijk Onderzoek 

(MT-TNO/IV, Apeldoorn, The Netherlands). This project was funded by the 

Commission of the European Communities (CEC). 
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This report begins by describing the problems inherent in formulating 

decisions on countermeasures. Chapters III and IV then discuss the 

techniques of decision analysis, how they are implemented in RADE-AID and 

how they can assist decision-makers in addressing the problems associated 

with decisions on countermeasures. Chapter V presents some stylised 

applications of the RADE- AID system, which illustrate its use and the 

form of support which it can provide in the decision-making process. 

II PROBLEMS IN COUNTERMEASURES DECISIONS 

The purpose of introducing countermeasures after an accidental 

release of radionuclides is to reduce the exposure of (and hence, the 

health risk to) individuals. However, the consequences of taking 

countermeasures are not limited to the reduction of exposures. There will 

be other consequences, some beneficial, some harmful, and it is necessary 

to take account of all these consequences when formulating decisions on 

countermeasures. 

Principles have been developed for the introduction of 

countermeasures which recognise this need to take account of all the 

beneficial and harmful consequences. The first principle states that no 

countermeasure should be introduced unless it produces more good than 

harm, ie the introduction of the countermeasure should be justified. The 

second principle states that the countermeasure should be introduced in a 

manner which maximises the net benefit. This is known as optimisation, 

and is complementary to the principle of justification. 

In order to determine whether the introduction of a countermeasure is 

both justified and optimised, it is necessary to evaluate all the 

beneficial and harmful consequences of introducing that countermeasure. 

Apart from reducing the radiation health risk to the potentially exposed 

population, the major beneficial consequence of introducing 

countermeasures is likely to be the reassurance provided to individuals 

because action has been taken. However, there may be a wide range of 

harmful consequences, depending on the countermeasure involved. Some 

countermeasures may involve physical risk to individuals, for example, 

evacuation undertaken in adverse weather conditions such as fog or ice. 

Most countermeasures will involve a monetary cost, although the level of 

expenditure will range from relatively small amounts for short-term, small 

scale countermeasures (eg sheltering within a small area) to very large 

amounts for such countermeasures a~ widespread decontamination or food 
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interdiction. Moreover, the nature of all the monetary costs ~ill not be 

same. For example, intervention measures ~ill require the expenditure of 

money, whilst the interdiction of economically productive land ~ill result 

in the loss of potential income. Other possible harmful consequences are 

disruption to the normal or anticipated lifestyles of individuals and 

population groups, exposures to workers involved in implementing the 

countermeasures (particularly intensive decontamination), anxiety in the 

affected population resulting from the knowledge that countermeasures are 

required; and repercussions on international relations and trade. 

The first problem is quantifying all these very different types of 

consequences. Whilst some are, at least in theory, straightforward to 

assess (eg monetary cost) others, particularly social consequences such as 

disruption, reassurance and anxiety, are much more difficult to quantify. 

The second problem is that the beneficial and harmful consequences of 

taking countermeasures are unlikely to be shared equitably. In terms of 

the health risks, the risks resulting both from exposure to radiation and 

from implementation of the countermeasure vary between individuals, and 

particularly with age. For example, elderly people may be at greater 

physical risk from the introduction of countermeasures (particularly 

evacuation) than younger people, whilst their risk of incurring cancer, as 

a result of radiation exposure, is substantially lower. Another way in 

which the health risks may be shared unequally concerns workers, since 

workers deployed in the contaminated area (eg for informing the public on 

the countermeasures to be introduced, for facilitating evacuation or for 

carrying out decontamination) may receive enhanced exposures compared with 

those of the people they are protecting. Monetary costs are also unlikely 

to be shared equitably. For example, where there is disruption to trade 

the costs may be borne by individuals and firms located well away from the 

area in which the countermeasure is implemented. Finally, there is likely 

to be an inequable sharing of the social costs of countermeasures. For 

example, whilst the decision to take action may provide reassurance to one 

group of individuals, the knowledge that such action is necessary may 

result in increased anxiety for others. Again, if an area of land is 

interdicted, individuals' leisure and work activities may be significantly 

disrupted, or, if individuals are moved out of an area, the receiving 

communities may experience serious social upheaval. It is clear therefore 

that decisions on countermeasures raise questions of social equity; social 
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value judgements must be made in order to determine ho~ ~idely the harmful 

consequences of countermeasures should be shared. 

A third problem concerns the possible over-reaction of the public to 

a countermeasure. For example, if a particular food is interdicted for 

concentrations exceeding a given level, then the public may avoid 

purchasing that type of food entirely. Again if people are relocated from 

an area, other individuals, outside of, but relatively close to, that 

area, may perceive themselves to be at risk and so move a~ay, causing 

consequent social problems for both the area they leave and the place they 

move to. Finally, there may be pressure on the decision-maker to take 

countermeasures in order to demonstrate to the population that caring 

action is being taken. However, if action is taken then this may 

reinforce a belief that the situation is life-threatening. 

It is therefore clear that any decision to introduce countermeasures 

must take account of a number of different factors. These factors may 

often compete, in the sense that ensuring the best outcome for one may 

result in a less favourable outcome for another. It is therefore 

necessary to balance all the factors, weighing one against another, in 

order to determine what are the best courses of action in a particular set 

of circumstances. 

It is recognised that the conclusions of this balancing process may 

be dependent upon the exact circumstances at the time of the accident. 

The radiological, economic and, particularly, the political and social 

circumstances will determine both the magnitude of the beneficial and 

harmful consequences of introducing given countermeasures, and the degree 

to which they influence the final decision. For example, it is entirely 

possible and reasonable that, given an accident which affects different 

places, possibly at different times, the decisions taken on 

countermeasures for each of these places may differ. "hat is important 

for the decision process is that all the important factors can be shown to 

have been assessed, so that the best actions may be taken in each 

particular situation. 

III DECISION LOGIC 

III.l Introduction: Decision Analysis 

The goal of decision analysis is to structure and simplify the task 

of making hard decisions as well and as easily as the nature of decision 

permits. These techniques all depend heavily on human judgements of many 
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k . d (1) ln s . Decision analysis is especially concerned ~ith multiple 

conflicting objectives, meaning that given a set of decision options, 

doing well with regard to one factor requires doing poorly ~ith regard to 

another. Such trade-offs between factors are judgements. They depend on 

the decision-maker's assessment of the relative desirability of the 

available options with regard to each factor, and on his idea about the 

relative importance of these factors. Trade-offs are personal: there can 

be no objective or universal rules for making them(l). However, a larger 

number of decision-makers can have statistically the same average 

opinions(Z). The result of decision analysis is a ranking of all 

available options according to their overall evaluated performance. From 

this ranking the option judged as the "best" option is clearly 

identified. 

The costs of systematic, careful thought using formally appropriate 

tools are high. This is worthwhile only when the stakes are high and the 

inference or decision is intellectually difficult or insecure(l). 

The structure of this chapter is as follows. First some widely used 

decision methods are compared. This will show that the so called 

Multi-Attribute Value/Utility Technique is the most appropriate one for 

RADE-AID. Next the structuring of decision problems is described, 

followed by a description of the techniques for eliciting decision-makers' 

preferences and priorities, the method used to combine this information 

with predictions of the consequences of taking different countermeasures, 

in order to identify the "best" alternative, and the procedures available 

for performing sensitivity analysis on the resultant ranking of 

countermeasures options. Then some commercially available software 

packages are assessed and some comments made on the use of computerised 

tools in general. Finally the chapter concludes with some more 

philosophical statements. 

Terminology 

Some introduction to the terminology used in this chapter is 

appropriate here. A decision problem exists when there are several 

alternatives or (decision) options. In the radiological context here the 

alternatives are the various countermeasures. The factors considered 

important in the selection of alternatives are attributes. Other terms 

often used are criteria or objectives. Examples are the monetary costs of 

countermeasures or the dose saved by a countermeasure. The consequences 
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of one alternative ~ith respect to one attribute is an effect score. For 

instance, the monetary costs (attribute) of taken no action (alternative) 

are 0 ECU (effect score). An effect score is always related to a 

particular dimension (for instance, money, dose or a percentage). In the 

decision process an effect score is valuated by a value function. This 

function could be seen to express the relative desirability of an effect 

score on a uniform scale (typically 0- 100). For instance, the monetary 

costs of 0 ECU mentioned above might be valuated 100 (they are most 

preferred), whereas the monetary costs of an action, such as evacuation 

might be valuated 0 (least preferred). Finally weight factors express the 

relative importance of different attributes. An example is saying that 

the dose saved by a countermeasure is three times more important than the 

costs involved with it. This could be translated to assigning a weight 

factor of 0.75 to the dose saved and a weight factor of 0.25 to the costs. 

A short overview of the terminology is also contained in the glossary at 

the end of this chapter. 

III.2 Appropriate Methods 

The formulation of a countermeasure strategy, following a 

radiological emergency, will be based on a number of quantitative and 

qualitative considerations. Therefore, ordering the alternative actions 

is a multi-dimensional decision problem for which there exist several well 

known decision aiding techniques, including: 

- Cost Benefit Analysis, 

- Analytic Hierarchy Process, 

- Multi-Attribute Value/Utility Technique. 

Cost Benefit Analysis is the oldest and generally most well known 

method. The Analytic Hierarchy Process and the Multi-Attribute 

Value/Utility Technique are the most widely used in decision practice( 3). 

After a first review, these techniques remained as serious candidates for 

handling problems likely to be encountered in the framework of the 

RADE-AID project. 

In previous TNO reports( 4 , 5) a large number of decision techniques 

have been investigated and evaluated regarding their usefulness in 

decision-making about hazardous activities (see also reference 6). 

Cost Benefit Analysis examines the economic efficiency of policy 

options, without regard to value-laden issues such as the distribution of 

wealth, or the quantification of attributes which are difficult to 
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quantify (~hich could be the most decisive factors)(i). The basic 

approach is that all costs and benefits are translated into financial 

terms. In most actual analyses many factors have to be priced for which 

no market exists. Moreover, the market price could change dramatically 

following a nuclear accident. 

Furthermore the model is supposed to be an objective model of the 

world and to ignore the decision-maker's preferences, but it is he who has 

to determine the relative importance of the relevant attributes(B). 

The Analytic Hierarchy Process organises the basic rationality by 

breaking down a problem into its smaller constituent parts and then calls 

for only simple pair wise comparison judgements to develop priorities( 9). 

The greatest weaknesses of Analytic Hierarchy Process are the ambiguous 

questioning procedure and the strong assumption of a ratio scale for 

measurements of effect scores and weight factors. The trade-offs being 

made between the attributes are not clear. Furthermore the complete 

procedure must be repeated when an additional alternative is added to the 

set of options( 6). One great advantage of the method is the way in which 

the consistency of judgements is checked. This part of the method is used 

in RADE-AID as a auxiliary routine for estimating weight factors. 

Multi-Attribute Value/Utility Techniques first require the 

decision-maker to rate the effect score of the alternatives on each 

value/utility dimension or attribute separately. Next he assigns relative 

weights to the value/utility dimensions that express the trade-offs among 

attributes. Ratings and weights must then be aggregated by means of some 

formal model that generates an overall evaluation of each option. 

Multi-attribute decision analysis was selected as the method of 

analysis because it is a well-developed and proven method for evaluating 

options in decision situations involving multiple objectives(lO). 

Moreover, it is a technique commended by the International Commission on 

Radiological Protection for use in radiological protection(ll). The main 

advantages of this method are( 4 ,S): 

- the clear structure of the decision logic, 

- the relative simplicity of the mathematics, 

- the explicit trade-offs between attributes, and 

- the explicit specification of relative preference for outcomes of 

different options, scored against the same attribute. 
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In fact it is crucial that in deciding public matters the final 

trade-offs bet~een the dimensions are made explicit. 

Multi-attribute decision analysis is capable of including all aspects 

of a problem, for example, valuation of uncertainty (=utility) in risky 

decisions, subjective preferences etc. 

As a tool for decision aiding Cost Benefit Analysis could be thought 

of as a special case of decision analysis, i.e. when equity is not 

important, valuation of uncertainty can be largely ignored, and utilities 

are linear and additive, and imponderables can be priced(B). 

III.3 Structuring the Problem 

Decision analysis attacks complex problems by reducing them into 

smaller, manageable components. Structuring the problem is by far the 

most important step in decision analysis, which can only be done by art 

and not by algorithm(!). 

Structuring the problem is specifying what attributes are relevant, 

what the alternative options are, defining the relation between 

alternatives and effect scores (consequences), and determining of the 

uncertainties relevant to the decision. The decision process can be 

subdivided into the following steps: 

- identification of the objectives and the derived attributes on 

which they can be measured, 

- identification of alternative options, 

- evaluation of the alternatives on each of the attributes, leading 

to sets of effect scores (outcomes), 

EVALUATION MATRIX 

- a. valuation of the obtained effect scores, 

- b. determination of the relative importance of the attributes, 

- overall evaluation and ranking of the alternatives, 

- exploration of the sensitivity of the ranking. 

III.3.1 Hierarchy 

Structuring the problem in terms of the relevant objections and 

attributes can be facilitated by the construction of an hierarchy. 

Creating such an hierarchy is advantageous, because it enables the 

decision-maker to disaggregate highly complex criteria into their 
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(1 12 13) components ' ' . Objectives are often hierarchical in nature. The 

overall objective can be broken down into sub-objectives. These 

sub-objectives can also be further subdivided. When objectives are 

considered in this manner, those that occur as loose-sounding may be 

gradually broken down until at the base of the hierarchy it can be 

represented by specific i terns ("top do\..·n"). Or the other ~..:ay round 

("bottom up"), grouping the basic attributes ("endpoints"), makes it more 

easy to determine the relative importance of the attributes. An example 

of a hierarchy is shown in Figure III.1. 

I 
endpoint1 

intermediate 
attribute 1 

I 
endpoint2 

I 
endpoint3 

goal 

I 

intermediate 
attribute 2 

~ 
endpointS endpoint6 

Figure III.l: An example of a hierarchy of attributes. 

The attributes in the hierarchy are in principle incomparable, like 

health effects and number of people self-relocating; or are explicitly 

valued differently, like cost for medical treatment and capital losses. 

If the latter are not valued differently, they can easily be summed into 

total cost for medical treatment and capital losses. In other words the 

dimension of the entities in the hierarchy is value. 

Constructing a hierarchy of attributes makes it easier to estimate 

the relative importance of the attributes, because the trade-offs between 

different attributes are only made between "children" of the same "parent" 

in the hierarchy. Referring to the hierarchy drawn in Figure III.3, the 

comparisons of the relative importance being made are: 

- intermediate attribute 1 ~ intermediate attribute 2; 

- endpoint 1 ~ endpoint 2 ~ endpoint 3; 

- endpoint 5 ~ endpoint 6 

In the RADE-AID system, hierarchies may be constructed interactively 

by the user, with each arm of criteria being developed to the level of 
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detail most helpful for the problem). Moreover, if, follo~ing 

investigation of the problem using RADE-AID, the initial structure is 

found not to be ideal, it may be altered as necessary. 

III.3.2 Evaluation Matrix 

Having identified the attributes and the alternatives, the "perfor­

mance" (consequences or outcomes) of every alternative on each of the 

attributes (effect scores) is determined by models or by observation. 

The evaluation matrix, containing the sets of effect scores for every 

alternative, is the main interface between the radiological objective and 

subjective decision parts. The elements of the evaluation matrix form the 

input to the decision logic. 

In order to obtain the effect scores, the decision logic may make use 

of models. Alternatively, effect scores may be obtained using expert 

judgement. The results of the model calculations, or judgements, are 

stored in the evaluation matrix. On the rows are the attributes, in the 

columns are the alternatives (see Figure III.2). 

Attribute 1 Attribute 2 ... Attribute m 

Alternative 1 Effect score Effectscore ... Effectscore 

Alternative 2 Effectscore Effect score ... Effectscore 

Alternative n Effects core Effectscore ... Effectscore 

Figure III.2: Evaluation matrix. 

III.3.3 First Eliminations 

In principle there could be options which can be removed from the 

evaluation matrix by simple (objective) logical rules, namely by 

one-dimensional elimination methods( 6), like skipping those (unfeasible) 

alternatives that exceed physical constraints, and by "dominance", i.e. 

skipping those alternatives which have worse or equal scores on every 

relevant attribute. This is illustrated in Figure III.3. 
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In the objective pre-selection, the alternatives are evaluated on 

their meaningfulness (will it reach the required aim), physical 

feasibility and technical applicability. In practice this part of 

decision making is often carried out by the (radiological) models 

implicitly. The impracticable alternatives will never "enter" the 

evaluation matrix. So, some decisions have already been taken by the 

selection of the applicable alternatives, but these results can be seen as 

the product of pure scientific calculations. 

Subsequently, the (non-acceptable) alternatives exceeding subjective 

(value) constraints will also be removed. This is done when at least one 

effect score of the alternative is outside the (acceptable) range of the 

effect score. This reduction of the number of alternatives is an explicit 

action of the (subjective) decision technique. 

Alternative a: 
Alternative b: 

Exceeding constraint: 

If Eia > Eia,max possible ~ skip Alternative a 

Dominance: 

If (la >= Elb) and (E2a >= E2b) 
and (Eia >= Eib) 
and (En a >= En b) ~ skip Alternative b 

Exceeding subjective constraint: 

If Eia> Eia,max acceptable ~ skip Alternative a 

Note: (Eij = Effect score on attribute: for 
alternative j) 

Figure III.3: One-dimensional decision rules 

So, there are several boundary conditions which narrow the space of 

possible alternative actions. The important question which must be 

answered is: "Will there still be freedom of action?". It should be 

realised that a decision problem appears only if more than one possible 

alternative action remains. This means with regard to the (remaining) 

alternatives, the effect scores on all attributes are all acceptable, but 

the alternatives have high and low effect scores on different attributes. 
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~hen none or only one alternative is left, there is no choice, and there 

does not exist a decision problem. If still more than one option remains 

(Pareto-optimum( 6)) there does exist a decision problem, which is in fact 

an impasse, ~hich can only be decided on subjective arguments. 

111.4 The Multi-Attribute Value Technique 

When the decision problem is structured the relevant attributes, the 

(remaining) alternative options and the corresponding effect scores 

(consequences) are identified. Now the decision-maker must reveal his 

preferences and priorities systematically in order to range the 

alternative options. First the valuation of the effect scores is 

described, secondly the relative importance of attributes and finally the 

aggregation method. 

111.4.1 Valuation of Effect Scores 

A value function is the relation between the effect score on some 

attribute ("endpoint 11
) and the degree of appreciation of this score; the 

appreciation is (arbitrarily) measured on a scale between 0 and 1 or 0 and 

100. The foundation of the value function is the basic principle that 

people can communicate not only about preference but also about the 

strength of preference(!). The value function expresses the preference 

among objects of evaluation. These objects correspond to all possible 

effect scores for an attribute. 

The estimation of the value corresponding to an effect score is not 

done directly by coupling a degree of appreciation to it, but by using the 

value function that was created in advance by valuing hypothetical effect 

scores between the maximum and minimum of the effect score scale. Proper 

value functions are monotonous non-decreasing functions or monotonous 

non-increasing functions. If the value function is not entirely linear it 

means that equal differences in effect scores, not at the same level, are 

valued differently. Examples of value functions are shown in Figure 

111.4. 
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non-decreasing non-increasing 

Figure III.4: Examples of value functions. 

In constructing a specific value function, a reasonable first 

estimate is to consider the function linear in the relevant domain of the 

effect score, i.e. between the worst and best acceptable level(l 3 ,l4). 

However, this initial shape can be adapted to meet the judgements of the 

decision-makers. If the decision-maker has opinions about the shape of 

the function, or about the relative valuation of differences in effect 

score at either end of the effect score scale, it is possible to use this 

information to modify the shape of the function. 

One method for constructing value functions is the so called midpoint 

value method or bisection method(!). After the minimum (acceptable) 

effect score and the maximum (acceptable) effect score of an attribute 

have been determined, the method asks the decision-maker to find the 

effect score that is half way between the valuation of the two extremes. 

To determine the midpoint value in the range one begin with the midpoint 

(E ) on the effect score scale and ask whether the decision-maker feels 
p 

that the difference between the E and E . , and E and E are valued p m1n p max 
differently (i.e. are associated with different relative strengths of 

preference). After few trials and errors the point of indifference can be 

determined: V(E)- V(E . ) z V(E) - V(E ), meaning that V(E) = 0.5. 
p m1n p max p 

Further subdivision of the scale leads to more E 's and refinement of the 
p 

value function: 

V(Ep') = 0.25, (VEP' ') = 0.75, etc. A value function resulting from the 

process is shown in Figure III.5. 
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E E -+ E 

min max 
linear segmented 

Figure III.5: Example of a value function, obtained by 
the midpoint value method. 

The value functions could be seen as the interfaces between the 
effect scores and the hierarchy (Figure III.6). 

Attribute i: Hierarchy: 

Effect score -->1 Value function ~> Value -----> Endpoint 

Figure III.6: Functional relationship effect scores and endpoints. 

Direct valuation of an attribute 

Sometimes it may turn out to be difficult or hardly possible to split 

up a high level abstract attribute into more detailed concrete and 

measurable attributes. This could be because some or all of the 

information cannot be expressed as a set of quantitatively or 

qualitatively measurable independent quantities. However, some kind of 

holistic valuation of alternatives still has to be made. 

With the direct valuation technique, (i.e. meaning not using a 

general applicable value function), one does not explicitly construct any 

attribute scale on which the effect score is measured, but directly 

assigns attribute values to alternatives. The distinguishable value 

levels could be poor, fair, indifferent, good, excellent. Scale 

construction can be substantially refined by the expansion of such 

one-word descriptions(!). In general, one would attempt to construct 
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circumscriptions (i.e. descriptions of distinguishable value levels) that 

~ere equally spaced in value and assign values that preserve that equal 

spacing. 

Direct valuation of the effect scores has the advantage of avoiding 

the making of two qualitative judgements: first expert judgement and 

second the decision-maker's preferences. But it should be kept in mind 

that the expert and the decision-maker are not necessarily the same 

person. 

Furthermore, a great disadvantage of such a procedure would be that 

the distinguishable categories of possible scores the attribute can take 

are not defined at all, so nobody would know what type of situation 

corresponded to a certain assigned value number between 0 and 100. This 

will be especially the case when the alternative options and the 

corresponding effect scores are not known in advance. 

A transparent way to tackle this kind of problem seems to be to 

separate the qualitative "measurement" of the aggregated "effect score" on 

the abstract attribute from its subjective valuation. This means first 

constructing a scale based on qualitative but clear and unambiguous 

circumscriptions of the possible levels the attribute can take on, and 

second letting the decision-maker assign his own values to these 

categories. The following (Figure III.7) is an example of such 

circumscriptions, concerning (relevant) effects or consequences of 

locating a site for the disposal of nuclear waste in a area( 10). 

Impact Socioeconomic impacts in the affected area 
level 

0 No social or local economic disruptions occur; no commercial, 
residential or agricultural displacement occurs; no adverse 
impacts on water resources occur. 

1 An in-migrating population of about 5,000 persons is dispersed 
over an area with a population of around 50,000; in-migrant 
lifestyles match those of current residents and no major 
social disruption results; disruption of existing business 
patterns is avoided by standard economic planning measures; 
no adverse impacts on water resources occur, but minimal 
commercial, residential or agricultural displacement results. 

2 An in-migrating population of about 5,000 persons is 
concentrated in a few communities within an area with a 
population of around 50,000; major upgrading of the infra-
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Impact 
level 

Socioeconomic impacts in the effected area 

structure is required; 25% of the residents have lifestyles 
and values that are unlikely to match those of in-migrants; 
major social disruptions do not result; disruption of 
existing business patterns is avoided by standard economic 
planning measures; minor diversion of water resources from 
other activities occur; half of the land is privately owned, 
and commercial, residential or agricultural displacement 
results. 

3 An in-migrating population of about 10,000 persons is 
concentrated in a few communities within an area with a 
population of around 100,000; major upgrading of the public 
infrastructure and considerable new housing are required; 
affected communities have homogeneous lifestyles and values 
that do not match those of the in-migrants; significant 
disruption to existing business patterns and substantial 
economic decline result after the completion of water­
emplacement operations; minor diversion of water resources 
from other activities occurs; all land is privately owned and 
commercial, residential or agricultural displacement results. 

4 An in-migrating population of about 10,000 persons is 
concentrated in few communities within an area with a 
population of around 100,000; major upgrading of the public 
infrastructure and considerable new housing are required; 
affected communities have homogeneous lifestyles and values 
that do not match those of the in-migrants; significant 
disruption to existing business patterns and substantial 
economic decline result after the completion of water­
emplacement operations; major diversion of area water sources 
occurs, resulting in impacts on development in the affected 
area; all land is privately owned and commercial, residential 
or agricultural displacement results. 

Figure III.7: Example of circumscriptions of impact levels of an 
attribute. 

A less qualitative method would be to define indicators which really 

can be measured, that reflect the aspects of the abstract attribute. The 

real situation can perhaps not be directly measured but could be 

identified by the outcome of those indicators, which are not relevant 

attributes as such. Another possibility is that the indicators would be 

seen as real effect scores, that could be related to separate 

value-functions directly. Defining a set of real effect scores by which 

the attributes could be quantitatively measured is to be preferred above 
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ll 

any type of direct valuation. The value function resulting from the 

process is shown in Figure III.8. 

v t 

1.00 0 

0.75 

0.50 

0.25 

0.00 +-------------~---+0 
"E . " m1n "E" -+ "E II 

max 

direct valuation 

Figure III.8: Example of a value function, obtained by direct 
valuation of circumscriptions of impact levels. 

The distinction between value and utility in riskless events 

Before the coming of the multi-attribute value techniques Neuman and 

Morgenstern developed the theory about the utility of gambles, whose basic 

principles are described in Annex A. 

The superficial resemblance between "value" and utility is 

unmistakable. Both are measured on a arbitrarily chosen interval scale. 

Also like the determination of value, utility is not generated within the 

system, but is input by the decision-maker. In Section III.6 the method 

used in the package Prefcalc is described very briefly; this procedure 

does generate value/ utility functions. 

Complex procedures exist to find the utilities of non risky objects 

based on hypothetical gambles(l5). The question arises whether the 

resulting utility functions will differ from value functions based on 

methods to elicit relative strength of preferences not based on gambles. 

In the opinion of Von Winterfeldt and Edwards(!) the distinction between 

value and utility (of non risky events) is spurious. One of the practical 

arguments is that the error and variance within value and measurements 

procedures overshadow to a great extent the subtle distinctions that one 

may extract from theoretical differences. In dealing with risky events or 

uncertain outcomes (real gambles) the utility may be seen as a 
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transformation of value intended to take into account the decision-maker's 

attitude to~ards risk and uncertainty. 

III.4.2 Relative Importance of Attributes 

Weights factors W. are the numerical representation of the trade-offs 
1 

between the valuation of different attributes. The weight factors are 

usually normalised to numbers between zero and one. They can be estimated 

by the decision-maker directly, or when the decision-maker is not certain, 

he may use some auxiliary techniques for constructing attribute weights. 

In these methods the concept "attribute importance" and/or the scale of 

the attribute play a role. The following methods will be described: 

-Numerical estimation methods: 

* Direct rating, 

* Ratio estimation, 

~·: Ranking , 

* Swing weights; 

- Indifference: 

* Cross-attribute indifference. 

Weighting based on intrinsic importance 

The numerical estimation methods usually incorporate the concept of 

(intrinsic) attribute importance in order to quantify the relative weight 

that an attribute carries in the overall determination of value. 

Direct rating( 1
), meaning to assign directly numbers to the weight 

factors, is rarely used as weighting procedure. A version of it is the 

distribution of 100 points over the attributes so that the number of 

points assigned to each reflects its relative importance. 

In the ratio estimation procedure an estimation is made how much more 

important an attribute is than the least important one( 1
). A variant is 

to refer the importance of attributes to the most important one. The 

latter has the advantage that experts usually agree better on what is most 

important than what is least important. It has the disadvantage of making 

it more difficult to preserve the ratio properties of the weight 
. ( 14) est1mates . 

A simple method of ranking is rank weighting, in which the attributes 

are first ranked in order of importance( 1
). The lowest ranking is given a 

score of 10. The next lowest attribute is then considered and it is asked 

how much more important it is than the lowest. This is then assigned a 

number to reflect its importance and one works one's way up the list of 
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attributes. In doing so, it is important to preserve ratios in the sense 

that if an attribute is allotted a score of 30, it should be considered 

three times as important as an attribute with a score of ten, but only 

half as important as an attribute with a score of 60, and so on. In 

assigning numbers, one should not be reticent about changing previous 

assessments, rearranging, etc(Z). A variant of this procedure is to rate 

the importance of each parameter on a scale 0-100 by assigning 100 to the 

most important attribute and rating the others relative to that parameter. 

The determined ranks can be transformed into (normalised) weights by 

several mathematical rules. Among them are the rank reciprocal rule, the 

rank sum rule, and the rank exponent rule. These methods are described in 

Annex B. 

Weighting using effect score scales 

All these weighting techniques mentioned so far explicitly involve 

the notion of intrinsic attribute importance. This emphasis on importance 

has been criticised. Some consider weights to be simple rescaling 

parameters that are necessary to match the units of one single attribute 

value-function with the units of another. Since units are dependent on 

the range of the scale over which the value function is defined, the 

weight should change when the range of the scale changes. 

The problem is that direct judgements of importance may be 

insensitive to the ranges of the scales under consideration indeed, and 

thus importance may distort the rescaling of single-attribute value 

functions. Are in general the importance judgements appropriately 

adjusted in relation to the weights? The question has no satisfactory 

answer yet. The use of the concept of intrinsic importance is intuitively 

compelling, but we must address the fact that the ranges may also 

influe~ce the weights. 

There are some helpful ideas: 

-use the natural ranges of the attributes or, less preferably, the 

plausible ranges, so that the range will not be dependent on the 

problem at hand, 

- otherwise, be very explicit about the range being used. 

-use other methods that take account of the range of the scales. 

Swing weighting(!) is a procedural hybrid derived from an 

indifference method in which cross-attribute strengths of preference are 

systematically compared. Swing weighting does not make use of concept of 
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intrinsic importance, but takes into account the scale of the attribute. 

In this technique it is asked how much an attribute contributes to the 

overall value of the alternatives relative to other attributes. 

Typically, the alternatives are compared that "swing" between the worst 

and the best levels in each attribute. It is determined which of the 

swings contribute more in overall value and then the extent to which the 

value "swings" differ is assessed. 

In the most common swing technique two hypothetical alternatives are 

constructed: the ideal alternative (best level on all attributes) the 

anti-ideal alternative (worst level on all attributes): 

Ideal: (E1+,E2+, ... ,En+) 

Anti-ideal: (E1 ,E2 , ... ,En) 

The decision-maker is confronted with the question to assume that he 

is stuck with the worst alternative, but that one attribute can be changed 
+ from its worst level E. to its best level E. . Which one would be 

1 1 

changed? And after that which one should be changed second, third, and so 

on. Obviously, the order in which the decision-maker wants to change 

attribute levels from worst to best depends on the relative value 
- + difference between E. to E. . The attribute that seems to make the most 

1 1 

difference in value should be improved first, the one that has the second 

greatest impact on value should be improved second, and so on. This 

process establishes in a fairly natural way the rank order of the weights 

(see Annex C). 

To obtain the ratio-scale weights from these rank orders, the weight 

factor corresponding to the first selected attribute will be assigned an 

arbitrary value difference of 100 points. A value difference of 0 points 

is assigned to that attribute for which it makes hardly no value 

difference if one moved it from the worst to the best. Then, either all 

the other value differences are expressed as percentages of 100, or one of 

the other numerical rank methods described earlier could be used instead. 

The cross-attribute indifference method(l) also explicitly takes into 

account the scale of the attribute. In the cross-attribute indifference 

procedure one determines the weight by matching the strength of preference 

in one attribute to the strength of preference in another. The methods 

compare cross-attribute strengths of preference systematically; by varying 
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alternatives in two attributes and using simple equations that can be 

solved for the attribute ~eights. In the sequential trade-off technique, 

one trades off each attribute against a special attribute (like money) in 

order to find, for each alternative, a hypothetical alternative that is 

indifferent to it and has constant values in all but the special 

attribute. A single value-function over this special attribute is then 

sufficient for comparing the alternatives. 

The weighing procedure is similar to the swing weight procedure, but 

it does not involve direct numerical estimation. Consider the relative 
+ - - -strength of preference between A(E. ,E. ) and O(E. ,E. ) and compare this 

1 J 1 l + 
with the relative strength of preference between B(E. ,E. ) and 

O(E.-,E.-): is it greater, equal or smaller? 
1 J 

1 J 
The question refers directly 

to the comparison of the weight factors W.and W .. To determine how much 
~ . J 

larger W. is than 
1 

level E.' several 
1 

This implies that: 

W., the effect score E. 1s reduced to some intermediate 
J 1 

times until the indifference judgements have been made. 

W . · V ( E . ' ) z W . , and thus : 
1 1 J 

w. 
J 

w. 
1 

= V(E. ') (see Annex D) 
1 

Repetition for all n * ( n - 1 ) I 2 pairs of attributes gives the 

desired information, necessary to determine ( n- 1 ) weights. The 

redundancy can be used to find inconsistent judgements, by use of the 

pair-wise comparison. The value function for at least one effect score 

must be known in advance. 

Weighting for intermediate attributes 

In the aggregation procedure the weight factors multiply single 

attribute value functions, and do not operate on the effect scores. When 

the weight factors operate on the intermediate attributes, which are in 

fact aggregates of underlying values, the scale problem is not apparent, 

since the ranges of all the values vary from 0 to 1. So, only the aspect 

of importance plays a role in assigning weights to the attributes. A 

possibility would be the use of swing weights acting on all underlying 

attributes simultaneously. Applying the method this way will probably 

confuse the decision-maker, particularly if the swing weight method has 
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also been used at the lower level. The conclusion is that ranking methods 

are recommended for intermediate attributes (attributes higher in the 

hierarchy than the endpoints). 

Discussion 

A problematic situation arises if, for instance, the options 

evaluated do not cover the plausible range of the dimensions of value(l 3). 

This applies to contexts in which the effect scores on the various 

attributes are unknown at the time weight judgements must be made, as is 

the case for instance in emergency management. The reason why this 

presents a problem is that the range of value of a value attribute is in a 

sense a kind of importance weight. An attribute whose values range from 0 

to 50 is effectively only half as important in controlling evaluation as 

one having the same weight factor whose values range from 0 to 100. While 

this problem can be solved only by judgmental methods, it can be put into 

a simple perspective, by a transformation of value and weight factors. 

The effect of the transformation is to put all of the scaling information 

into adapted weight factors at least as it applies to the set of 

alternatives at hand. If the actual range of the attribute is small, 

changes in the corresponding effect score will have minor influence on the 

overall valuation of the alternatives, despite a high intrinsic importance 

of that attribute (see Annex E). 

In "Ratio estimation", "Swing weights" and "Cross-attribute 

indifference method" cross-checks can be made by comparing all attributes 

with one another; all ratios of attribute weights should be consistent(Z). 

The pair-wise comparison method used in the Analytic Hierarchy Process is 

perfectly suited to the creation of the optimum set of weights with 

respect to consistency. The method tries to calculate the best "fitting" 

weight factors given the ratio judgements. The degree of inconsistency 

can be estimated and compared with the level of acceptable 
. . (9) 1ncons1stency . 

III.4.3 Aggregation Model 

The aggregation of the various kinds of judgements is the essential 

step. Aggregation is in fact the transformation of the effect scores E = 
(E

1 
... En) onto a uniform dimension and their conversion onto the same 

scale. The final result of the decision analysis, i.e. the ranking of the 

alternatives is determined by the (overall) score V on that (value) scale . 
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The option having the highest overall value score is the one judged as the 
"b II • est opt1on. 

The multiple attribute aggregation (value) function used in RADE-AID 

is the linear additive model: 

~ n n 
V(E) = ~ w V(E ) with ~ w = 1 

i=1 i i i=1 i 

When using the linear additive value model the sum of the weight 

factors (of one parent in the hierarchy) is one or a hundred; this does 

not hold necessarily in other aggregation models. The additive form 

further assumes that the single attribute value functions V. can be 
1 

constructed disregarding other attributes (additive difference 

independence). It requires that the relative strength of preference 

between two objects x and y, that have identical fixed levels in some 

other attributes, do not change when these other attributes are fixed at 

some other level. These means that the value functions can be constructed 

independently. 

It should be kept in mind that there are two different main types of 

interactions possible( 12 ,l4): 

-value dependency with V(Ei) = f(E 1 ,E2 , ... ,En), where the value of 

an effect score depends also on the other effect scores; 

-environmental dependency with Ei = f(E 1,E2 , ... ,En)' where an effect 

score carries information already expressed by other effect 

scores. 

Both interactions influence th~ final valuation of the alternatives. 

If the value dependency is negligible compared to the uncertainty of the 

judgements and measurements, the simple additive value-function will still 

be appropriate. 

Environmental dependency (double counting) can probably be avoided by 

a proper redefinition of the set of relevant attributes. Other value 

aggregation models exist, that are able to deal with interaction between 

attributes, like the multiplicative model: 

~ n 

1 + W + V(E) = i~ 1 ( 1 + W + Wi · V(E)i) ) 
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This is still a rather simple aggregation model, including only one 

(extra) factor, ~hich defines all interaction(l, 6). The best policy is to 

avoid those complex models as long as reasonably possible, since the 

elicitation methods corresponding to more complex models require much more 

effort. 

When using the linear additive model, the aggregation of 

hierarchically constructed attributes goes step-wise. First the values of 

the lowest intermediates are calculated, then the next higher 

intermediates, until finally reaching the top intermediate: "goal" (see 

Annex F). The construction of a hierarchy of attributes is a very helpful 

instrument, and furthermore it does not affect the linear additive 

aggregation model. The final outcome is not dependent on the way the 

hierarchy i~ structured. 

III.S Sensitivity Analysis 

The detailed characteristics of the final choice and of its close 

competitors can be studied more carefully using sensitivity analysis. It 

may leave the original analysis and conclusions unchanged or it may lead 

to further thought. 

Sensitivity analysis plays an important role in gaining insight into 

the decision problem and is a useful tool in testing the stability and 

solidity of the results. The outcomes of the decision logic should never 

be accepted without scepticism and a further analysis of the results 

should always be applied. 

It is most useful to perform a sensitivity analysis with respect to 

(small) variations in the weight factors 6W. on the overall evaluation 
1 

V(E1 ,E2 , ... EN) for all alternatives. The linear additive value 

aggregation model is well suited to perform simply this sensitivity 

analysis: 

-+ n 
6V(E) = r V(E ) 6W 

i=l i 

Conditions: 
n n 

1: 0 = r 6W. +--+ r ( W. + 6W. ) = 1 
i=l 1 i=l 1 1 
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2: The variation of a certain weight factor 6W. is 
1 

proportionally distributed to the other weight 

factors: 

6W. 
J 

Figure III.9 illustrates how the results of such a sensitivity analysis 

are displayed in RADE-AID. 

overall value for t 
alternatives 

1-
-
-

-

w.o 
l. 

"-alternative 1 
1- alternative 2 

-alternative 3 

0+---~------------------~ 
0 w. -+ 

l. 
1 

w.o = 
l. 

weight factor before sensitivity analysis; 
N.B. alternative 1 is the "best" option. 

Figure III.9: Graphical representation of the results of sensitivity 
analysis (stylised) 

It is also possible to explore the significance of uncertainties in 

the estimated effect scores and judgements, in terms of the ranking of the 

alternatives. Such analysis may indicate where obtaining additional 

information in order to lower uncertaintie-s may be most useful. The 

search for additional information should be undertaken only after the key 

aspects of decision have been isolated(l2), and the corresponding costs 

are considered to be reasonable. 

III.6 Evaluation of Available Software Packages 

Four commercial available software packages were studied: 

- VISA, 

- Prefcalc, 

- 25 -



- Expert Choice, 

- HIVIEW. 

Except Expert Choice, the packages are all based on the 

Multi-Attribute Value/Utility Technique. 

VISA is a computer program for multiple criteria decision aiding, 

based on a simple weighted multi-attribute value function, incorporating a 

hierarchical structure of criteria and visual interactive sensitivity 

analysis(l 6). 

Prefcalc is an implementation of the UTA (utilite additive) method. 

The purpose of this method is to assess additive value/utility functions 

which aggregate multiple attributes in a composite evaluation. It does 

this by using the information given by a subjective ranking on a set of 

alternatives (weak order comparison judgements) and performing a 

multi-attribute evaluation of these alternatives. It is an ordinal 

regression method using linear programming to estimate the parameters of 

the value/utility function(ll). 

Expert Choice is an implementation of the Analytic Hierarchy process. 

The method is based on the judgements of pair wise comparisons of the 

importance of the attributes and the judgements of pair wise comparisons 

of alternatives with respect to particular attributes( 9). 

HIVIEW gives facilities to structure the hierarchy of objectives or 

attributes, but appeared to be unable to perform the formal mathematics 

which relates the outcomes of the possible alternatives (effect scores) to 

more general value functions in order to calculate values. The package 

can deal with direct valuation of the effect score on the attributes. It 

does not contain auxiliary routines to assist the decision-maker to 

estimate weight factors and valuations(l3). 

All packages perform very useful facilities but none covers all the 

aspects of the decision-making process considered important for RADE-AID. 

However, all the packages together perform functions covering a large part 

of the needed facilities. The incorporation of parts of the packages 

directly into a system, in which it must be able to process large amount 

of necessary data from the (radiological) models, was not possible for 

technical reasons such as the unavailability of source code. Therefore, 

ideas from these packages were used to provide additional facilities 

within RADE-AID. 
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Results of psychological research on human mental limitations often 

show that even under the best circumstances human intellectual performance 

is not very good. One solution might be: replace the errant human being 

and use the computer instead. But the purpose of decision analysts is to 

meet the requirements for good human performance, rather than to automate 

the intellectual task. The reason for this is that many intellectual 

tasks cannot be done well without a great deal of human participation(l). 

Some believe that the use of models somehow diminishes the role of 

the decision-maker, who ends up relinquishing control to an algorithm 

which he may not fully understand and therefore is unable to trust. 

However, decision aids are not to be believed, they are to be used(l). It 

is the decision-maker who must recognise and structure the problem, as 

well as provide many subjective inputs necessary for analysis. 

The key points are that a decision-maker finds it difficult to think 

simultaneously about all the dimensions relevant to a complex decision, 

and that subjects making holistic judgements often do not know what cues 

are actually important in controlling their judgements. A somewhat formal 

evaluation procedure could help to ensure that all relevant dimensions of 

evaluation are used, and used consistently in a pre-determined manner( 2). 

Decision analysis was initially presented as a general methodology 

without any reference to the use of computer based systems. 

Computer-based versions of decision analysis primarily help in quantifying 

the decision-makers' own subjective preferences(lB). Decision-makers 

should resist the idea that machines or computational procedures can 

replace them. The decision-maker is the person who takes the blame if the 

decision leads to a distressing outcome. So he must feel and should 

insist on feeling that responsibility is deserved(l). 

IV IMPLEMENTATION OF THE SYSTEM 

An ideal goal of the design of any decision aiding tool is to combine 

generality of purpose with enough user-friendliness so that the decision 

analyst does not need to be present when the tool is used. Beside the 

formal logic a computerised decision aid must then supply additional 

auxiliary functions. In addition, RADE-AID contains a great number of 

different ways of looking at both the objective data and subjective 

results. 

The starting point for the design and implementation of a computer 

system is the specification of the functional objectives the system should 
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meet. For RADE-AID these ~ere specified as follo~s. RADE-AID should: 

- display coherent information about the actual situation; 

- calculate realistic predictions about the (future) environmental 

contamination and radiation exposure of the population; 

- demonstrate the influence of countermeasures on consequences of the 

accident; 

- propose an optimal (combination of) countermeasure(s) as the result 

of a sophisticated decision logic; 

- provide a tailored presentation of results including indications of 

uncertainty; 

- serve as an instrument for training and in developing and 

exercising emergency plans. 

During the current research it became obvious that reaching all 

objectives in the same extensive depth was not possible within the scope 

of the project. This conclusion has led the research to give priority to 

some objectives above others. Especially the first and fifth objective 

were made subordinate to others. This does not imply that those 

objectives were not achieved; only that they were given less attention 

compared to others. For example, the presentation of information about 

the accident is available in the current system, in order to show how this 

facility can be useful to decision-makers, but it has been implemented for 

a specific set of data only. The second objective has also not been given 

priority. Realistic predictions are of course made, but they are 

calculated outside RADE-AID by existing models. The results of 

calculations are supplied to RADE-AID. 

RADE-AID is designed to be a Decision ~upport ~ystem (DSS). A 

decision support system may be defined as an interactive system to assist 

a decision-maker in using databases and models (including decision 

techniques) on a computer to solve complex problems. This definition is 

reflected in the architecture of a DSS. Figure IV.l illustrates the 

archetype of a DSS. 
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DATABASE MODELBASE 

DBMS MBMS 

UIMS 

Figure IV.l: Archetype of a decision support system. 

The database of a DSS is expected: 

- to combine various data; 

- to elucidate logical data structures; 

- to allow users their own view on the data; 

- to record (free) text. 

The model base is expected: 

- to record and to document a large range of models; 

- to process new models fast and easily; 

- to feed the models with data, for instance from the database. 

The software system to interact with the user (decision-maker) has to 

offer the following facilities: 

presentation of data in various forms, using colour and/or 

graphical presentation; 
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- communication bet~een the computer and the user by the use of 

menus, ~indo~s, etc; 

- handling of models; 

changing the mode of interaction (for instance novice versus expert 

users). 

RADE-AID is a DSS with t~o important aims. First it is an 

interactive computer program capable of displaying both the curr~ll~ 

radiological situation and the likely consequences. Second it provides 

assistance to a decision-maker in determining the optimum course of action 

and in evaluating the relative merits of several different courses of 

action. 

Combining both the architecture of a DSS in general and the specific 

characteristics and constraints of RADE-AID leads to a functional design 

of the system. The functional specification of RADE-AID is shown in 

Figure IV.2. This scheme is based on !SAC: Information ~ystems work and 

~nalysis of £hanges(l9). 

'· decl1l011 

lotic I 

Figure IV.2: Functional scheme of RADE-AID (top level). 
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The elements of Figure IV.2 are in turn discussed below. Elements of 

the functional design which have not yet been implemented are indicated. 

The starting point for RADE-AID is an accident scenario (lA; codes 

refer to Figure IV.2). This scenario contains data on several aspects of 

the accident. Examples are: 

- all countermeasures to be considered, 

- data on the source term, 

- activity concentration, 

- and so on. 

By the use of radiological models (1) and data (lB) the radiation 

exposure to the public is determined. Doses and concentrations in various 

foodstuffs are calculated (lC). 

Given the contamination (lC), feasible countermeasures are selected 

(2,2A). These countermeasures are then judged on their effects with 

respect to several criteria (3A). Radiological models (3) and data (lB) 

are again used to quantify the effects of countermeasures (3B), given the 

criteria. 

The flexibility of the decision logic (4) allows for the changing of 

the default values in the general accident scenario (criteria, effects, 

countermeasures) as well as incorporating the decision-maker's 

(subjective) valuation of the situation. 

As a final result RADE-AID determines an "optimum" choice (4B), which 

is presented to the decision-maker. This choice reflects the preferences 

from the decision-maker as well as the current policy concerning 

radiological accidents (4A). There is also an opportunity for sensitivity 

analysis of the results. In the prototype system steps 1-3 are carried 

out outside the system and presented to the system in the form of a 

database of information. From step 4 onwards, nearly all the 

functionality envisaged for RADE-AID has been implemented. The functions 

presently implemented in RADE-AID are illustrated in Figure IV.3. 

From Figures IV.2 and IV.3 it is clear that, at present, the 

estimated structure of the problem must be determined in advance, in order 

to provide the system with the appropriate information about the 

consequences of countermeasures. This means that the hierarchy is 

established beforehand and that the relevant attributes (from a scientific 

point of view) have already been identified. Also the feasible 

countermeasures have been determined in hypothetical radioactive 
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Figure IV.3: Functions presently implemented in RADE-AID. 

- 32 -



contamination scenarios. In practice this may be achieved by iterative 

use of RADE-AID, discussions ~ith decision-makers and evaluation of 

radiological models. Once the problem has been satisfactorily structured 

and the consequences of feasible countermeasures evaluated, RADE-AID can 

be used to elicit weight factors and modified value functions from 

decision-makers. 

Figure IV.3 shows that the prototype RADE-AID system provides two 

major options: 

- presentation and 

- decision logic. 

Both options are globally discussed below: the detailed information is 

contained in Annex G. The last paragraph of this chapter is devoted to 

the technical details of the implementation. 

IV.l Presentation 

As it is shown in Figure IV.3, presentation is concerned with the 

presentation of the accident scenario to the user (decision-maker). 

Within the constraints of the present contract it has not been possible to 

provide a general facility for displaying any relevant data (this is 

primarily because the data are not generated directly within the RADE-AID 

system). However, since the presentation of data is considered to be an 

important part of RADE-AID, an illustrative presentation facility has been 

developed which displays information on food contamination. This 

illustration is described here. 

The following data are available: 

- general data on the area involved; 

- data on the area, dependent on countermeasures; 

- data on costs; 

- general data on health effects; 

- data on health effects, dependent on countermeasures. 

Most of these options are again subdivided; an exhaustive list is 

contained in Annex G. The data is presented in two ways: tabular and 

graphical. Examples are shown in Figures IV.4 and IV.S. An explanation 

of the contents of the figures is provided in the next chapter; the 

results used in the figures are from the (stylised) applications described 

there. 
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Yield with ban duration greater/equal T. 
1 

Time T. 
1 

IL 1 IL 2 IL 3 

0 D 2.19 E +06 2.92 E +06 2.87 E +07 
15 D 2.19 E +06 2.92 E +06 2.87 E +07 
30 D 2.19 E +06 2.92 E +06 2.71 E +07 
90 D 1.46 E +06 2.92 E +06 2.71 E +07 

180 D 1.46 E +06 2.92 E +06 2.71 E +07 
1 A 1.46 E +06 2.92 E +06 2.45 E +07 
2 A 1.46 E +06 2.92 E +06 2.26 E +07 
5 A 0.00 E -00 2.92 E +06 1.98 E +07 

10 A 0.00 E -00 2.19 E +06 7.25 E +06 
20 A 0.00 E -00 2.19 E +06 5.09 E +06 
50 A 0.00 E -00 2.19 E +06 3.64 E +06 

Press <enter> to continue ... 

Figure IV.4: RADE-AID - presentation of data from the accident 
scenario in tabular form 

The graphical presentation can take various shapes. Examples are: 

-histograms (Figure IV.S); 

-'pie charts (not yet implemented in RADE-AID); 

- graphics; 

- isocontours (not yet implemented in RADE-AID). 

1000 

1 2 3 

Countermeasures for 
intervention level 1 

4 5 

1 = no action 
2 = natural decontamination of soil 

Figure IV.S: RADE-AID - presentation of data from the accident 
scenario in graphical form (stylised) 
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IV.2 Decision Logic 

The complete decision logic currently supports the following main 

functions: 

- a formalised method to support breakdo~n of the objectives, the 

construction of value functions and the determination of 

(consistent) weight factors; 

- a method of aggregation to determine the overall valuation based on 

the valuation of the effect scores on each attribute; 

- several ways of graphical and numerical representation of the 

(final) results, since it is of crucial importance that the user of 

the system is able to look at the (subjective) data in as many ways 

as possible: 
\ 

* the ranking and overall valuation of alternatives, 

* the valuation of the separate effect scores as percentage of the 

overall valuation of the alternative, 

* the effect scores of the alternatives on a separate attribute, 

* the value of the effect scores of the alternatives on a separate 

attribute, 

* the comparison of the values of effect scores of two different 

alternatives, including comparison with the ideal alternative 

(losses) and the anti-ideal alternative (gains) for every 

attribute, 

* the two dimensional display of the alternatives on two 

antagonistic attributes (a cost versus a benefit) 

* the hierarchy of relevant attributes, 

* global and local weight factors and value functions, 

* the data defining the problem: attributes, effect scores of the 

alternatives; 

- the performance of sensitivity analyses on the outcome of the 

decision logic, i.e. the ranking of the alternatives, with respect 

to changes in the weight factors; 

- the ability to generate overall value functions and weight factors 

based on the judgement of different individual decision-makers and 

experts. 

These functions are translated to the decision logic part of the 

program as five major options: 

- file manipulation; 

- 35 -



- definition of alternatives; 

-definition of attributes (including ~eight factors); 

-definition of effect scores (including value functions); 

- presentation of results. 

The options are in turn discussed below. The choice between options 

is made through the use of menus; this prevents the occurrence of (human) 

errors. Menus are operated by cursor movements. An example of the use of 

menus is given in Figure IV.6. 

File Alternatives Attributes Effects scores Evaluate 

Display 
Add 
Modify 
Delete 
Mov 
Wei Weights 

Direct Input 
Pairwise comparison 

Figure IV.6: RADE-AID- use of menus. 

IV.2.1 File Manipulation 

File manipulation supplies the user with storage and retrieval of 

files (defined by the use of other options). A file contains all 

necessary data on_a case, such as the alternatives, the attributes, the 

effect scores, the weight factors and the value functions. This option 

supports the use of the system by several different decision-makers, each 

having his or her own subjective point of view. An exhaustive list of 

options is: 

- loading of a file; 

- definition of a new file; 

- saving of a file; 

- changing of a directory; 

- returning temporarily to the operating system; 

- leaving RADE-AID. 

For a description of these options, refer to Annex G. 
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IV.2.2 Alternatives 

Alternatives may be: 

- displayed; 

- added; 

- modified; 

- deleted. 

These options are self-explanatory. 

IV.2.3 Attributes 

This option not only allows the manipulation of attributes (including 

their definition), but also the definition of weight factors through the 

use of various procedures. An exhaustive list of options is: 

- display of attributes; 

- addition of attributes; 

- modification of attributes; 

- deletion of attributes; 

- movement of attributes; 

- definition of weight factors. 

The central point of all options above is the representation of the 

attributes. They are represented graphically through the use of a 

hierarchy. An example of such a hierarchy is shown in Figure IV.7. 

File Alternatives Attributes Effects scores 

Attribute tree 

grain bans 

Ch~individual dose 
l--collective dose 

non-health 

Cc~disposal 
l--other costs 

social-political 

Evaluate 

I public response 
international relations 

Figure IV.7: RADE-AID- example hierarchy of attributes. 
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For a detailed description of the options, except the definition of 

"eight factors, refer to Annex G. 

A number of ways of defining weight factors are foreseen: 

- direct definition; 

definition by pairwise comparison; 

- definition by the distribution of 100 points; 

- definition by the rank exponent procedure; 

- definition by cross-attribute indifference. 

Currently only the first one (direct definition) is fully integrated 

in RADE-AID. The second one, pairwise comparison, is implemented, but can 

only be used outside the system. 

Direct definition forces the user to define two (or more) weight 

factors whenever an attribute in the hierarchy is subdivided into other 

attributes. The weight factors should sum up to 1. RADE-AID normalises 

them if they do not sum up to 1. This option is direct, but the user 

should decide carefully how to choose the weight factors. 

Definition of weight factors by pairwise comparison is an indirect 

way of definition. This option also considers attributes with a common 

parent in the hierarchy. Instead of directly asking for weight factors, 

this option asks the user to compare each pair of attributes. The user 

has to indicate how he values one attribute relative to another. For 

example, the speed of a car is twice as important as its colour. The 

implication of this example would be to assign speed a factor 2/3 and 

colour 1/3 (assuming no other attributes exist). The method is redundant; 

it checks the internal consistency of the valuations used. This 

consistency is displayed together with the weight factors thus allowing 

the user an indication of the validity of his valuation. The result of 

this process is shown in Figure IV.8 (note: direct definition could lead 

to a similar result). 
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File Alternatives Attributes Effects scores Evaluate 

Attribute tree 

grain bans (1.00) 

C health (0.70) 
~individual dose 
L_collective dose 

non-health (0.30) 

(0.99) 
(0.01) 

C
costs (0.50) 
~disposal (0.90) 
L___other costs (0.10) 

social-political (0.50) 
j public response (0.20) 

international relations (0.80) 

Figure IV.8: RADE-AID- example definition of weight factors. 

IV.2.4 Effect Scores 

The effect scores may be: 

- displayed; 

- created; 

- modified; 

- deleted; 

- interpreted by the use of value functions. 

The options are self-explanatory, except for the last one. The 

theoretical background of value functions was described in section 

III.4.1. The option to use value functions is subdivided. They may be: 

- displayed; 

- created; 

- modified. 

The display of value functions was illustrated in Chapter III (refer 

to Figures III.4 and III.S). 

To create a value function several items need to be defined. First 

the range of effect scores needs to be defined. The user is asked for 

this definition; default values are the minimum and maximum value of the 

effect scores considered for one attribute. Next the user has to define 

whether the minimum value is liked most or least. An example: suppose the 
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costs range from 0 ECU (minimum) to 5 million ECU (maximum) and the social 

acceptability of countermeasures from 0 (minimum; serious repercussions) 

to 4 (maximum; no effects). It is obvious that for costs the minimum 

value will be preferred and for social effects the maximum. Last the 

shape of the value function has to be defined. The default value is a 

linear one, that is, a straight line between minimum and maximum. This 

process is shown in Figure IV.9. 

Effect scores: value functions 

Leaf nodes minimum maximum relation trend 

Individual dose 2 200000 linear -
Collective dose 0 124000 linear -
Disposal costs 0 1060 linear -
Other costs 0 1.65 E +08 linear -
Public response 0 100 linear -
International relations 0 100 linear -

Figure IV.9: RADE-AID - example of defining constraints for value 
functions. 

The user has options to change the default linear shape of the value 

function. A value function is then represented by segmented linear 

functions. It consists of several line segments, thus simulating any 

curved line. Line segments are defined by definition of their first and 

last point (refer also to Section III.4.1). 

The modification of value functions is more or less equal to the 

creation of them; the concepts and actions are the same. 

IV.2.5 Results 

The results from the decision analysis are not only presented, they 

may also be analysed. The presentation offers several ways to view the 

results; for instance an overall ranking, effect scores per attribute, 

effects scores per countermeasure, etc. Currently only the overall 

ranking is implemented in RADE-AID; an example is shown in Figure IV.10. 
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Ranking 

countermeasure overall score 

ildilnad 0.99 
ildilrot 0.98 
ilnadnad 0.96 
ilnadrot 0.95 
i2dilnad 0.95 
i2dilrot 0.94 
i2nadnad 0.93 
i2nadrot 0.92 
i3dilnad 0.91 
i3dilrot 0.89 
i3nadnad 0.87 

.f ildisrot 0.86 

Figure IV.lO: RADE-AID - presentation of overall ranking of 
countermeasures. 

The facilities for sensitivity analysis in RADE-AID enable the user 

to vary some factors in the decision analysis (for instance, weight 

factors) to look for corresponding (important) changes in the results. 

Two ways for performing sensitivity analysis on the results are currently 

available; both concern the changing of weight factors. An example was 

already shown in Chapter III (refer to Figure III.9). 

IV.3 Technical Implementation 

RADE-AID can be used on personal computers (PCs). The requirements 

for the PC include: 

- compatibility with an IBM PC; 

-graphical presentation (EGA-card and EGA-screen); 

- an internal memory of 640 kB. 

The RADE-AID software system is written in conventional software 

languages, i.e. FORTRAN (for the presentation, see Section IV.l) and C 

(for the decision logic, see Section IV.2). Both parts make extensive use 

of a graphical library, i.e. the HALO software package. The menus are 

also developed with a special purpose software package(l 9). 

The decision logic thus addresses one objective of RADE-AID as a DSS: 

the provision of assistance to a decision-maker in determining the optimum 

course of action and in evaluating the relative merits of several 
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different courses of action. The other objective (displaying both the 

current radiological situation and its likely consequences) is achieved by 

graphical presentation of (key values from) the accident scenario and by 

several presentation techniques (menus, graphics) in the decision logic 

part of the program. 

V ILLUSTRATIVE APPLICATIONS 

In order to explore the appropriateness of the decision logic for the 

management of radiological emergencies, two illustrative applications were 

considered. These explored the use of the decision logic for decisions on 

countermeasures against external exposure and on food interdiction. The 

applications were deliberately stylised both for simplicity and to 

indicate the possibilities of the system. The purpose of these 

illustrative applications was solely to demonstrate whether the initial 

version of the system forms the basis of an appropriate and flexible 

decision-aiding tool. However, the structures developed for the problems 

and the associated data are considered to be appropriate for providing 

assistance with planning. 

The two applications were chosen to explore the introduction of very 

different types of countermeasure, the first involving the potential 

relocation of people and the potentially resource-intensive operation of 

decontamination, and the second involving the combinations of actions 

which could be taken to reduce the exposure of the population from 

contaminated foods. In addition, different procedures were used for 

valuing the consequences of countermeasure options in terms of the 

decision criteria, and for eliciting the relative weights assigned to 

these criteria. In this way, the use of the system was explored as fully 

as possible. For the purposes of these illustrations it was assumed that 

the countermeasures for external exposure and food interdiction are 

completely independent. 

The illustrative applications consider several assumed accident 

situations and a range of countermeasures options for each. Some of the 

relevant consequences of taking these countermeasure options have been 

predicted using radiological and economic models developed under the CEC 

MARIA programme(ZO). Other consequences are intended to be directly 

assessed by the user, based on supporting information provided by the 

system. 
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In order for efficient use to be made of available resources, the 

investigation of the usefulness of the decision logic was carried out 

largely in parallel with its development. This enabled the development of 

the decision logic to take account of insights gained by application of 

decision analysis techniques to decisions on countermeasures. In order to 

do this, it was necessary to make use of a commercially available decision 

analysis software package. One that provided a number of the features 

which were intended for incorporation in RADE-AID, was HIVIEW(l 9); this 

package was used extensively in exploring and developing the illustrative 

applications discussed in this section. 

The two types of problem (control of external exposure and control of 

foods) have been structured using the same fundamental criteria. In 

principle, as discussed in Section II, no countermeasure should be 

introduced unless it achieves more good than harm (ie it is justified) and 

it should be introduced in 

such as way as to maximise the net benefits (ie its introduction should be 

optimised). The objective for introducing any countermeasure is therefore 

that it should be both justified and optimised. 

In order to evaluate different courses of action against this 

objective, a number of attributes were defined, in terms of beneficial and 

harmful consequences. Three basic types of consequences have been 

identified as relevant to both types of countermeasure: those concerning 

health, those concerning monetary costs and those which are of a 

socio-political nature. For the purposes of these illustrative 

applications, four high level attributes have been defined as 'health risk 

. d d' ' ' ' h bl' ' d ' . . 1 avo1 e , monetary costs , t e pu 1c reaction an 1nternat1ona 

reaction'. They are illustrated in Figure V.O.l. In order to explore 

different valuation procedures, these high level (intermediate) attributes 

were defined further in different ways for the two applications. These 

are discussed under the relevant sections. 
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Health 
Risks 
Avoided 

~1AXIMISE NET BENEFITS 

Monetary 
Costs 

I 

Public 
Reaction 

International 
Reaction 

Figure V.O.l: Basic criteria hierarchy used for the illustrative 
applications. 

V.l Control of External Exposure 

One possible long term exposure pathway, following an accidental 

release of radioactive material, is external exposure from radionuclides 

deposited on the ground. If this occurs, there are two types of 

countermeasure which can provide protection for individuals in the 

contaminated area. The first is removal of the contamination 

(decontamination). The second is removal of the individuals from the 

contaminated area (relocation) until the levels of radioactivity have 

reduced by a combination of natural weathering and radioactive decay. 

Clearly, these two countermeasures may also be used together, to reduce 

the time for which the area must be interdicted. 

The criterion for introducing relocation is generally specified in 

terms of a dose rate; for decontamination, a target level of 

decontamination is commonly defined. The problem for the decision-maker 

is therefore to determine what countermeasures, if any, should be carried 

out, and to specify the appropriate criteria for them. (In practice, the 

problem is more complex, because other aspects of the decision, such as 

how quickly people from different areas should be moved out, the 

appropriate dose rate to allow return from relocation and whether some 

areas should be preferentially decontaminated, also need to be addressed. 

However these aspects were omitted from the illustrative applications.) 

V.l.l Accident Scenarios 

For the purposes of exploring the use of the RADE-AID decision logic, 

two highly stylised accident situations have been postulated. They are 

each identical in magnitude and release characteristics, but one is 

assumed to occur in an area of relatively low population density (site A), 

whilst the other is assumed to occur in a more densely populated area 
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(site B). The assumed releases are large, representing the rapid release 

of about 1% of the volatile core inventory of a large (giga~att) reactor. 

The characteristics of this release are defined in Table V.1.1, whilst the 

population distributions used for the two sites (which were taken from 

real population statistics) are listed in Tables V.1.2 and V.1.3. 

Table V.1.1 

Characteristics of Release Assumed for Control of External Exposure 

Effective Release Height 10 m 
Release Duration 0.5 h 
Time Before Release 0 h 
Warning Time 0 h 
Energy of Release 0 Btu/h 

Radionuclides Released: 

Radionuclides Amount (Bq) 

1311 3.39 1016 
1321 4.96 1016 
1331 6.81 1016 
1341 7.84 1016 
1351 6.40 1016 

ssKr 2.34 10 16 
134Cs 3.85 1015 
137Cs 2.29 1015 

V.1.2 Decision Attributes 

As stated earlier, for the purposes of these illustrative 

applications of RADE-AID, four high level decision attributes were 

identified as being relevant to decisions on countermeasures, namely, the 

health risk avoided, the monetary cost and the public and international 

reaction. It is recognised that there may be additional important 

attributes for decisions on countermeasures, if so, it is intended that 

these will be determined in the next phase of the project, through 

collaboration with decision-makers. However, these four are sufficient 

for the purposes of demonstrating the usefulness of the RADE-AID system. 

For the control of external exposure applications, it was decided, 

wherever possible, to enable all the valuations of consequences to be 

carried out indirectly, (ie using value functions) using a number of 

precisely defined attributes to characterise the high level ones. The 
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derivation of these ~ill be discussed in turn, under the general headings 

of the four high level attributes. 

Health Risks 

For the purposes of these applications, three aspects of this 

attribute ~ere considered: the individual and collective doses avoided by 

the public, and the collective doses received by ~orkers implementing any 

countermeasures. These attributes could equally ~ell have been expressed 

in terms of health risks rather than doses. Ho~ever there are a large 

number of health risks which could result from exposure to ionising 

radiation, and the predicted magnitude of each of these would be required 

in order to appropriately assess the consequences of each countermeasure 

option. This would require a large number of attributes to be specified, 

which would make the hierarchy somewhat cumbersome to use, and the results 

more difficult to interpret. By specifying the attributes in terms of 

dose, only one attribute is required to define each. It is judged that 

the benefit obtained by keeping the number of attributes small, in terms 

of ease and clarity of presentation of the results, far outweighs the 

advantage of presenting the reduced health risks in terms of the risks of 

specific injuries, rather than dose. 

Since the only exposure pathway considered for these illustrative 

applications is long term external exposure, the appropriate dose quantity 

is effective dose equivalent. Therefore, the attributes used to define 

the objectives are collective effective dose avoided by the public, 

collective effective dose received by ~orkers and individual effective 

dose avoided by the public. 

The attribute of individual dose avoided requires more discussion. 

There will be a range of individual doses received, following 

implementation (or otherwise) of countermeasures, from zero to the 

difference between the intervention dose criterion and the highest dose 

potentially received. It is therefore not straightforward to define a 

single attribute which characterises all the individual doses avoided. 

However, a decision on the optimum intervention level is, in fact, the 

identification of the best intervention level out of a set of possible 

intervention levels. In other words, it is the marginal change in 

individual dose avoided, as the postulated intervention level is changed, 

that is of major importance for the decision. An attribute defined in 
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terms of the intervention level itself is therefore the appropriate 

indicator for individual dose avoided. 

The individual dose attribute chosen for the illustrative 

applications ~as the perceived acceptability of the health risk posed by 

the intervention level. It was recognised that the value assigned to this 

attribute might well be influenced by factors other than health 

considerations (eg socio-political factors, such as intervention levels 

set or planned in other countries). However, provided such factors were 

not accounted for a second time as 

socio-political attributes (ie double-counting is avoided), this should 

not be a cause for concern. 

Therefore for the purposes of the illustrative applications, three 

attributes were defined as criteria for health concerns, 'collective 

effective dose avoided', 'worker collective effective dose received' and 

'the perceived acceptability of the intervention level'. These are shown 

in Figure V.l.l. 

Monetary Costs 

Decisions on countermeasures may have significant implications in 

terms of monetary costs. Clearly, a decision to introduce a 

countermeasure will require the direct expenditure of resources. In 

addition, there may be indirect monetary costs, for example, lost economic 

activity resulting from the relocation of individuals or interdiction of 

property. Even if countermeasures are not taken, there may be economic 

penalties resulting from the adverse response of individuals and 

governments. 

The different monetary costs resulting from decisions on 

countermeasures may be superficially similar (they can all be expressed in 

the same units), but they may be viewed as of differing significance in 

influencing the decision. Some costs are direct costs, in that resources 

need to be found to pay for them, whilst others are indirect costs, that 

is, money which is not earned, rather than money which must be spent. 

Some of the costs may also be incurred many years in the future, in which 

case the decision-maker may wish to reduce their value, using a discount 

rate. 

It was therefore considered useful to characterise the high level 

attribute of monetary costs in terms of three low level attributes: direct 

('intervention') costs, indirect costs and 'lost overseas trade and 
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investment'. In this ~ay different ~eights and valuation scales could be 

applied to each. For the illustrative applications, however, the third 

attribute ~as not considered further, since no simple model has been 

developed to predict lost overseas trade and investment follo~ing 

decisions on countermeasures. (In the event of a real accident, it is 

likely that the decision-maker would seek access to expert judgement on 

the likely consequences of his decision.) Therefore for the purposes of 

the illustrative applications the monetary costs arm of the decision 

hierarchy was characterised by two attributes, intervention costs and 

indirect costs, as shown in Figure V.l.l. 

Public and International Reaction 

Of the high level attributes, these are the most difficult for which 

to assign quantifiable low level attributes. Various factors which 

contribute to the public and international response can be identified, for 

example, verbal and written criticism by pressure groups, population 

movements away from the affected area, changes in voting trends, political 

pressure from other countries. However, it is not easy to be sure that 

all relevant factors have been identified, and some of these factors are 

very difficult to quantify in terms of the consequences of various 

countermeasures decisions. 

Recognising this difficulty, the use of direct valuation for scoring 

the consequences of countermeasures against the socio-political objectives 

was explored for the control of foods applications (Section V.2). 

However, in order to test the RADE-AID system as fully as possible, it was 

decided to use indirect scoring for the control of external exposure 

applications. Therefore a subset of attributes was identified, each of 

which could be fully quantified. Five attributes were defined, and these 

are discussed below. In defining these attributes, it was recognised that 

they were merely pointers to the socio-political problems, and, indeed, 

did not encompass all the factors relevant to the definition of these 

problems. Ho~ever, it was judged that by employing these, the usefulness 

of the system for indirect vaulation of socio-political factors could be 

explored. 

The five attributes are all concerned with the reaction of the public 

to the actions taken, since it was felt that little extra would be gained 

by investigating the international response objective in more depth. In 

fact, apart from economic international reaction, which really belongs 

- 51 -



under the monetary costs arm of the decision hierarchy (and ~as mentioned 

in the preceeding section), it was felt that international pressure was 

likely to be of relatively low importance in influencing decisions on 

relocation and decontamination. In addition, it was decided not to choose 

an attribute to represent the influence of intervention levels set in 

other countries or recommended internationally on the public's reaction. 

This was because it was not clear how much such an attribute would overlap 

with the attribute 'perceived acceptability of intervention level' defined 

for the health arm, and it is important to avoid double-counting of 

factors. Moreover, for the purposes of illustrating the application of 

the system, the possible omission of such an attribute was not considered 

important, (although it was recognised that for emergency planning and 

response purposes it would be important to take account of international 

standards and guidance). 

The five attributes chosen were: the number of people initially 

relocated, the number of people semi-permanently relocated, the area 

interdicted semi-permanently, the maximum time for which any land would be 

interdicted and the number of people within a given distance of the 

restricted area (ie those who are most likely to consider themselves at 

risk because they have been excluded from the countermeasures taken). 

These are discussed in turn. 

The number of people initially relocated from an area is likely to 

have a major influence on the perceived severity of the accident and its 

consequences. It may also influence the public perception of how caring 

the authorities are, in their response to the accident (eg whether they 

are putting people or money first), although this link is probably more 

complex, (for example, it may be thought necessary to remove people from 

their homes who do not want to leave). There are also considerations of 

individual and social disruption which play a part here, and the need to 

overcome practical difficulties such as transportation and re-housing. In 

terms of the perceived severity of the accident and the practical 

difficulties, it is clearly undesirable to relocate large numbers of 

people. However, in terms of satisfying the demand for protective action 

to be taken, the relationship between numbers of people relocated and 

public response is not so clear; at the very least, it may tend to off-set 

the strong preference for keeping numbers of people relocated to a 

minimum, which is indicated by the other factors. 
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The number of people relocated semi-permanently is another indicator 

of the level of individual and social disruption created by the 

countermeasure. If people are relocated only for short periods of time 

(ie months) then they may tolerate temporary housing and a less 

well-planned supporting infrastructure, because the relocation will be 

clearly temporary. For longer term relocation, people will have to start 

making new lives in new communities, finding alternative employment and 

seeking adequate education facilities for their children. In such 

circumstances, it is likely that those individuals would be unwilling to 

return to their original homes, when the interdiction had been removed. 

The divide between temporary and semi-permanent relocation is clearly not 

a fixed quantity; it will strongly depend on national and individual 

circumstances. However, it is likely that people will start settling into 

new communities fairly quickly, once it is clear that the relocation is 

likely to last longer than a number of months. Therefore, for the 

illustrative application, a time period of two years was judged 

appropriate for defining semi-permanent relocation. The number of people 

still relocated after two years is therefore assumed to be an indicator of 

the potential number of people who will suffer severe disruption to their 

lives, and who will require significant investment in terms of housing and 

the development of facilities if this disruption is to be mitigated. 

The interdiction of land and property may affect people from outside 

the area, as well as those who are relocated from it. For example, the 

land may be a tourist area, or considered to be of special scientific or 

scenic interest. As a result, there may be pressure on the authorities to 

restore the land, from individuals not directly involved in the 

countermeasures. Initially the public may accept the need for 

interdiction, as an emergency measure. However, in time, increasing 

pressure to release the land will be exerted, as individuals expect to be 

able to resume their former lifestyles and activities. Therefore the 

attribute 'area of land interdicted semi-permanently' was defined. This 

provides a measure of the unpopularity of interdicting land for 

significant periods of time. As with the attribute 'number of people 

relocated semi-permanently', there is no general time period which can be 

defined as semi-permanent for all post accident situations. However, for 

the purposes of the applications described here, a time period of two 

years was chosen. 

- 53 -



The area of land interdicted ~ill also contribute to the public's 

perception of the scale of the accident. When relocation is initially 

carried out, this perception is already taken into account by the 

attribute 'number of people relocated'; the definition of an attribute 

'area interdicted initially' ~ould therefore result in double-counting. 

However, the effect on people's perception of the accident created by the 

total duration of the interdiction, is not otherwise taken into account. 

Whilst some area of land is still interdicted, the consequences of the 

release will be perceived as a continuing problem. Therefore a fourth 

attribute was defined, 'the maximum time for which any land is 

interdicted'. 

Finally, the reaction of the public will also include the reaction of 

those who are not directly involved in the countermeasures, but who think 

they may be at risk. Those living in close proximity to the interdicted 

area may be concerned that they, too, should have been relocated. They 

may also face practical problems, such as restrictions on their normal 

movements, or they may be unable to work because their employment is based 

within the interdicted area. The social scale of this problem is likely 

to be related to the number of people who are living relatively close to 

the interdicted area. It is recognised that the individual disruption 

caused will not be linked to the total number of people involved, but for 

the purposes of the illustrative applications, this was considered to be 

of lesser importance than the collective concern. Therefore, the fifth 

attribute was defined as 'number of potentially concerned people' and 

these were taken to be all those living within 5 km of the interdicted 

area. 

These five low level attributes are shown in Figure V.1.1. 

V.1.3 Countermeasures Options 

The possible countermeasures options at each site were defined to be 

a set of five different intervention levels for relocation, raq~ing from 5 

mSv y- 1 to 100 mSv y- 1 (ie 5, 10, 30, 50 and 100 mSv y- 1
). Since much of 

the land around site A was assumed to be agricultural or park land, it was 

assumed that decontamination of the land would not be carried out (or at 

least, only in relatively small areas). However, for site B, which was 

assumed to be mainly urban or industrial, the option of decontamination 

was also considered. For the purposes of the illustratiye applicatipns, 

only a single level of decontamination was considered, namely reduction in 
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the external dose rate by a factor of three throughout the whole area. 

This is clearly a highly stylised assumption, but is adequate to 

illustrate the use of RADE-AID. 

Given the above assumptions, a total of 10 countermeasures options 

were identified for site B and 5 for site A, as listed in Table V.1.4. 

Table V.1.4 

Countermeasures Opions Assumed for Control of 
External Exposure Applications 

Relocation Intervention Whether decontamination 
Reference Level of Dose (mSv y- 1

) by a factor of 3 assumed 

Site A: NODEC5 5 No 
NODEClO 10 No 
NODEC30 30 No 
NODEC50 50 No 
NODEC100 100 No 

Site B: NODEC5 5 No 
DECS 5 Yes 
NODEC10 10 No 
DEClO 10 Yes 
NODEC30 30 No 
DEC30 30 Yes 
NODEC50 50 No 
DEC50 50 Yes 
NODEClOO 100 No 
DEClOO 100 Yes 

V.1.4 Prediction of Effect scores 

The attribute effect scores resulting from adoption of each of the 

identified countermeasures options were calculated, using the models and 

assumptions described in Annex H. These consequences are listed in Table 

V.1.5. There are marked differences between the consequences predicted 

for site A and site B, and between the countermeasures involving 

decontamination and those not involving decontamination for site B. 

It is useful to examine the effect scores and the differences between 

them in more detail. Such examination provides deeper insight into the 

decision problem, and enabling the decision-maker to do this easily is one 

of the primary aims of RADE-AID. 

For site A, the public collective doses avoided vary by about a 

factor of three, from 300 to 900 man Sv, whilst in the absence of 
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decontamination the assumed worker doses are zero. For the monetary 

attributes, it is the indirect costs which are dominant for all assumed 

intervention levels, again because no decontamination of the area is 

considered and so the only intervention costs are assumed to be those 

associated with transporting people from the area. Both the intervention 

and indirect costs span three orders of magnitude, the indirect costs 

ranging from about £3 10 5 to £2 10 8 and the intervention costs ranging 

from about £500 to £200,000. Some of the effect scores for the 

socio-political attributes also show a wide variation. For example the 

number of people initially relocated varies between about 80 and 40,000 

and the maximum time for which any land is interdicted ranges from 6 years 

to 50 years. Other attributes show less significant variations; the 

effect scores for the number of people relocated semi-permanently and the 

area of land interdicted semi-permanently are much more similar (20-1000 

and about 1- 70 km 2 , respectively). The effect scores for the attribute 

'concerned population', are perhaps a little surprising. Given that the 

population distribution used is based on a real location (ie it is not 

uniform), it might be expected that the number of people living close to 

the boundary of an interdicted area would only partially reflect the 

magnitude of the intervention level. However, for site A, the numbers of 

these people consistently reduce with increasing intervention level; an 

indication that any localised variations in the population distribution 

around site A are relatively small. 

For site B, it is helpful to consider the predicted effect scores in 

terms of the two groups of countermeasures options, those with 

decontamination and those for which it was assumed no decontamination 

would be carried out. In the 'no decontamination cases', the collective 

doses avoided are much larger than for site A, although, again, they vary 

by about a factor of three. The monetary costs are again dominated by the 

indirect costs, these being considerably higher than for site A, but 

having a smaller range (ie £10 8 to £10 9
). The socio-political 

consequences indicate that although the area affected is the same as that 

predicted for site A (due to the assumption that the dispersion and 

deposition of radionuclides is very similar for the two sites, see Annex 

H), the dense population distribution means that large numbers of people 

are directly affected for all intervention levels, unlike the situation 

for site A. The number of people indirectly affected (ie the 'concerned 
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population') is also very large and varies very little bet~een 

intervention levels. Due to the dispersion and deposition assumptions, 

the maximum time for which any land is interdicted is the same as for site 

A, varying from 6 years to 50 years. 

The main differences in consequences for the 'decontamination' 

options for site B are that the maximum interdiction times are reduced, as 

are the areas of land semi-permanently interdicted and the numbers of 

people relocated semi-permanently, while the direct monetary costs and 

worker doses are increased. However, the total monetary costs are less 

than a factor of two higher than for the corresponding 'no 

decontamination' options. Therefore, unless significantly different 

weight is attached to direct costs compared with indirect costs, it is 

unlikely that the costs of decontamination will strongly influence a 

decision on the best countermeasures option for the situation. 

V.l.S Valuation of Consequences 

Having studied the effect scores, RADE-AID was then used to assign 

values to them. As a first approximation, linear value scales were 

assumed, with the least favourable outcome assigned a value of 0 and the 

most favourable, a value of 1. These values are shown in Table V.1.6. 

The assignment of weights was carried out using the cross-attribute 

indifference method provided by RADE-AID. In this way, the lengths of 

each value scale were taken into account, as well as the intrinsic 

importance of each attribute. The weights assigned are listed in 

Table V.1.7; weights sum to unity for each of the health, monetary costs 

and socio-political arms. 
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Table V.1.7 

Attribute Weights Assigned for the Control of External 
Exposure Illustrative Applications 

Attribute 

Collective dose avoided 
Collective worker dose 
Received acceptability of intervention level 

Intervention costs 
Indirect costs 

No. people initially relocated 
No. people semi-permanently relocated 
Area of land semi-permanently interdicted 
Maximum time for which any land interdicted 
"c d" 1 · oncerne popu atlon 

Some discussion of the weights is useful. 

Relative Weight 
within Hierarchy Arm (%) 

30 
5 

65 

90 
10 

60 
10 
10 
10 
10 

Clearly, since the weights 

indicate levels of preference, they are in no sense 'absolute'; the 

weights assigned in these illustrative applications are not intended to 

represent the weights which decision makers would assign, but solely 

reflect the judgement of the authors. However, by exploring the 

sensitivity of the resulting ranking of options to the assigned weights, 

useful information can be obtained concerning the likely outcome of 

decisions. In these applications, relatively little weight was attached 

to the monetary atributes, because it was considered that although these 

had some influence on the decision, they should not be the dominant 

considerations. Moreover, it was judged that, for monetary costs of a 

similar magnitude, direct costs should be assigned higher weight than 

indirect costs, since these would actually have to be paid. 

With regard to the health attributes, the change in preference for 

the lowest to the highest collective doses avoided was judged to be about 

a factor of 2-3 smaller than the range in preference for adopting the 

different intervention levels of dose. The corresponding preference range 

for worker collective doses received was judged to be very small. 

However, it was assumed that each worker's dose would be kept within 

established dose limits, and so the increase in individual risks would be 

controlled. Therefore, the acceptability and collective dose avoided 
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attributes ~ere assigned ~eights in the ratio of about 2:1, ~nd the ~orker 

dose received attribute was assigned a fairly small ~eight. 

For the socio-political attributes, two approaches were considered: 

an emphasis on the minimisation of short-term disruption, and, secondly, 

an emphasis on the longer term consequences. The first approach resulted 

in the assignment of the weights listed in Table V.1.7, ie most weight 

being assigned to the attribute of initial population moved. The second 

approach would have resulted in significantly more weight being attached 

to the attributes number of people semi-permanently relocated and maximum 

interdiction time. The effect of this approach is discussed later. It 

was judged that the attributes of area of land interdicted 

semi-permanently and the concerned population should not be assigned high 

weight, using either approach, since the ranges of consequences predicted 

for these were small compared with those for the other attributes. 

V.1.6 Ranking 

Using these relative weights within each 'arm' of the hierarchy 

yields the three sets of intermediate rankings shown in Table V.1.8. For 

both sites, the ranking for the health attributes corresponds to 

increasing dose intervention levels, even when the countermeasures 

involving decontamination are considered. This is because the predicted 

worker doses are relatively low and so their impact on the overall 

weighted health score is low. 

The ranking for monetary costs reflects whether the assumed 

countermeasures include decontamination; all those including 

decontamination being ranked very low, whilst those which do not include 

decontamination are ranked much more highly. This means that for site A 

there is very little difference in preference revealed between the five 

countermeasures options, on monetary grounds. For site B, the ranking is 

highest for the highest intervention levels, since these result in the 

lowest monetary costs. 

The socio-political weighted scores for the sites also indicate a 

preference for higher dose intervention levels. This is because the 

attributes chosen to define the socio-political objectives are generally 

measures of individual and societal disruption, which increase with 

decreasing intervention level. As discussed in Section V.l.2, an 

attribute reflecting the reassurance provided by the countermeasure was 

not included, partly because this is catered for, to some extent, by the 

attribute 'perceived acceptability of risk' in the health arm. However, 

if such an additional attribute had been defined, then this would have 
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tended to alter the ranking in favour of intermediate intervention 

levels. 

The ranking of the 'no decontamination', relative to the 

'decontamination' options for site B, is interesting. Unlike the ranking 

for monetary costs, the options are generally ranked in pairs, with the 

two options for an intervention level of dose of 5 mSv y- 1 being the least 

favoured, and those for 100 mSv y- 1 being the most favoured. This mirrors 

(inversely) the weighted scores for the health attributes, and indicates 

that decontamination of the area, by a factor of three, has a relatively 

small impact on the numbers of people and areas of land affected, compared 

with changes in the intervention level used for relocation. 

The overall weights assigned to the three arms of health, monetary 

costs and socio-political factors, reflected a judgement that health 

objectives should always have the most important influence on decisions 

and that monetary costs should have the least. Therefore, as a starting 

point, the weights were assigned in the ratio 60:10:30 for the health, 

monetary and socio-political attributes, respectively. The ranking 

resulting from these applications is shown in Table V.1.9. 

Table V.1.9 

Overall rankin for countermeasures o 
externa exposure 1 ustrat1ve 

Option2 Overall Value 

Site A: NODEClO 0.77 
NODEC5 0.72 
NODEC30 0.70 
NODEC50 0.63 
NODEClOO 0.43 

Site B: NODEClO 0.75 
DEClO 0.72 
NODEC30/DEC30 0.71 
NODEC5 0.69 
NODEC50 0.63 
DEC5/DEC50 0.62 
NODEClOO 0.43 
DEClOO 0.42 

Notes: 

1) Assuming relative weights for health, monetary costs and 
socio-political factors to be in the ratio 60:10:30. 

2) See Table V.l.4 for option definitions. 
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It can be seen that, given the assumed ~eights and value functions, 

the most preferred countermeasure option for site A is relocation at an 

intervention level of dose of 10 mSv y- 1
• The corresponding preferred 

option for site B is the same, that is, an intervention level of dose of 

10 mSv y- 1 for relocation, with no decontamination assumed. The reason 

~hy the preferred option for both sites is the same can be seen by 

inspection of the contributing weighted values for the three objectives 

arms. Although the weighted value for the health arm is lo~er for site A 

than for site B (ie the collective dose avoided for site A is lower than 

for site B for the same intervention level), the reverse is true for the 

weighted value of the socio-political arm (ie few people are disrupted at 

site A). The indirect monetary costs incurred at site A are also lower, 

but these have been assumed to be of relatively little importance to the 

decision, (ie monetary cost is only assigned a weight of 10%). 

V.1.7 Sensitivity of the Ranking to the Assumed Weights 

RADE-AID helps the user to investigate the sensitivity of the ranking 

in several ways. First, by presenting the weighted values for each 

objectives arm, general trends may be observed. In the illustrative 

example, assigning all weight to the health arm would result in a 

preferred option of relocation at an intervention level of 5 mSv y- 1 

without decontamination, whilst assigning all weight to the monetary or 

the socio-political arm (as defined by the five attributes assumed here, 

which generally favour reduced disruption) would result in a preference 

for a high intervention level. 

However, it is unlikely that such extreme assumptions would be made. 

It is therefore more useful to investigate the sensitivity of the ranking 

to smaller variations in the weights. For this illustrative application, 

the sensitivity of the ranking of the most preferred options for site B 

has been investigated. This is sho~n in Figures V.1.2-V.1.4 for changes 

in the relative weights of the health, monetary and socio-political arms. 

From these, it can be seen that a 10% increase in the weight of the 

socio-political arm, or a 10% decrease in the weight of the health arm, 

would change the preferred option from relocation at 10 mSv y- 1 without 

decontamination, to 30 mSv y- 1 with decontamination. Figure V.1.3 shows 

that if essentially zero weight is assigned to the monetary arm, then the 

preferred option becomes relocation at 10 mSv y- 1 with decontamination. 

- 64 -



It is interesting to examine which countermeasures options would 

never be preferred, regardless of the relative weights assigned (but 

assuming the problem structure and attribute values are as given in these 

examples). It can be seen from Figures V.1.2-V.1.4 that relocation at 

5 mSv y- 1 with decontamination would never be the preferred option. 

Similar investigations for the sensitivity of the ranking to the weights 

assigned to each attribute within the three main arms, also indicates that 

that option would never be optimum. 

Investigation of the sensitivity of the ranking to the weights of the 

attributes also reveals some other interesting information. Figure V.l.S 

shows the influence of changing the weight assigned to t~e worker 

collective dose received. In interpreting this Figure, it_should be 

remembered that the total weight assigned to an attribute is the product 

of its relative weight within its arm of the hierarchy, an4. the relative 

weight of that arm (ie the total weight for worker dose in this example is 

0.05 x .6, that is 0.03). It can be seen that, if the relative weights 

assigned to the other attributes are left unchanged, then changing the 

weight assigned to this attribute cannot alter the most preferred 

countermeasure option. Conversely, Figure V.1.6 shows the sensitivity of 

the ranking to the weight assigned to the number of people 

semi-permanently relocated. A fairly small increase in the weight 

assigned to this attribute would result in a preference for a relocation 

intervention level of 30 mSv y- 1 with decontamination. 

Finally, Figure V.1.7 shows the sensitivity of the ranking to changes 

in the weight assigned to the attribute perceived acceptability of the 

intervention level. This attribute has the highest single total weight of 

all the attributes (39%) and so it might be thought that the overall 

ranking would be fairly sensitive to changes in its magnitude. However, 

as Figure V.1.7 shows, this is not the case, the total weight would need 

to be reduced to about 20% or increased to over 70% before a change in the 

preferred ranking was obtained. On the other hand, the attribute of 

intervention costs has a fairly small total weight (9%), yet Figure V.1.8 

indicates that a reduction in its weight by about 6% would result in 

relocation at an intervention level of 10 mSv y- 1 together with 

decontamination being the preferred option. 
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il 

Having used the graphical displays of RADE-AID to obtain general 

information on the sensitivity of the ranking to the assigned weights, 

additional full analyses can be carried out, using revised weights, and 

the quantitative results considered. Table V.l.lO shows the comparison of 

ranking between two sets of relative weights; the first assumes the 

health, monetary and socio-political arms are asigned weights in the ratio 

60:10:30 (ie the weights discussed above) and the second assigns the 

weights in the ratio 45:10:45. It can be seen that, whilst the preferred 

option for site A is unchanged, that for site B has changed from 

relocation at 10 mSv y- 1 without decontamination, to relocation at 

30 mSv y- 1 with decontamination. 

Table V.1.10 

Illustrative Sensitivity of Ranking of Countermeasures for Control 
of External Exposure to the Relative Weights Assigned to Health, 

Monetary Costs and Socio-Political Factors 

?v)rall Value 
Option( 1) Base Case 2 Variation( 3) 

Site A: NODEC10 0.77 0.88 
NODECS 0.72 0.71 
NODEC30 0.70 0.77 
NODEC50 0.63 0.72 
NODEC100 0.43 0.57 

Site B: NODEClO 0.75 0.66 
DEClO 0.72 0.65 
NODEC30 0.71 0.68 
DEC30 0.71 0.70 
NODECS 0.69 0.54 
NODECSO 0.63 0.64 
DEC5 0.62 0.50 
DEC 50 0.62 0.64 
NODEClOO 0.43 0.52 
DEClOO 0.43 0.51 

Notes: 

1) See Table V.1.4 for option definitions. 

2) Health, monetary costs and socio-political factors in the ratio 
60:10:30. 

3) Health, monetary costs and socio-political factors in the ratio 
45:10:45. 
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V.1.8 Sensitivity to the Value Functions Assigned 

The above illustrations assumed linear value functions for the 

valuing of the scores for each attribute. RADE-AID enables the user to 

assign non-linear value functions. The effect of using non-linear value 

functions is to alter the relative preference for the outcomes of the 

countermeasures options within a single attribute. This, in turn may 

influence the overall ranking of options. 

It is beyond the scope of these illustrative applications to fully 

explore the implications of assuming non-linear value functions. However, 

it is interesting to look at some of the ways in which non-linear value 

functions can influence the overall ranking. In order to do this, the 

effects of using three different value functions for the attribute 

'perceived acceptability of intervention level' were compared. The three 

value functions were linear, convex and concave. 

RADE-AID enables the user to specify non-linear value functions as a 

series of straight line segments, each node being initially defined as the 

mid-point between the nodes on either side. For the present application, 

a simple two segment curve was specified. For the convex value function, 

the mid-point score was defined to have a value of 0.75, whilst for the 

concave value function the mid-point score was defined to have a value of 

0.25. The three value functions are illustrated in Figure V.1.9. 

Table V.l.ll compares the rankings obtained using these three value 

functions, for both the sets of relative weights discussed above. It can 

be seen that, although the change in value function has not changed the 

preferred option, in the case of the convex function, and the 60% relative 

weight on health, the ordering for the second, third and fourth options 

has changed, whilst, in the case of the concave function and the 45% 

relative weight on health, the relocation at 30 mSv y- 1 options are 

equally favourable with the 10 mSv y- 1 option. Clearly, the form of the 

value function can impact upon the overall ranking of options and 

therefore the ability to define non-linear functions is an important 

feature of RADE-AID. 
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V.2 Control of Food 

Internal radiation exposure of members of the public as a result of 

ingestion of contaminated foods may be limited by the imposition of food 

bans. In the present context, food bans include all methods by which 

consumption of contaminated food may be prevented, ~hether by disposing of 

contaminated food or by reducing its contamination using processing or 

storage before it is available for consumption. Following the Chernobyl 

accident, food was banned if the concentrations of radionuclides in it 

exceeded given intervention levels. This approach was used in the 

stylised applications of RADE-AID for food bans. 

If a decision is taken to ban food containing activity greater than a 

specified intervention level, then it is necessary to determine how food 

exceeding these levels should be dealt with, and also, how future 

contamination of foods above the intervention levels can best be avoided 

(eg, natural or forced decontamination of land, or feeding alternative 

feeds to livestock). Such decisions may be quite complex. For example 

there may be several radionuclides to control (each with different 

physical and chemical properties), and the ease with which control 

measures may be applied may vary with soil type, weather conditions and 

the agricultural practices of the area. Moreover, there will exist 

external constraints in terms of the resources (eg, equipment and storage 

facilities) which can be utilised. Some possible courses of action may 

result in additional doses to workers or even to the general population. 

For the illustrative application of RADE-AID it was decided to 

consider only the imposition of grain bans. The harvesting of grain 

occurs discretely (and has been assumed here to occur only once a year) 

and this makes it easier to model the consequences of taking different 

countermeasures. However, it is judged that the consideration of grain 

bans provides a sufficient demonstration of the potential of RADE-AID as a 

decision-aiding system for the control of other foods. 

V.2.1 Accident Scenarios 

For the example applications, four releases were considered which 

cover a broad range of characteristics with respect to the temporal and 

spatial extent of foodbans: 

• Type A: Release in summer with short ban times (tb < 90 d) and small 

areas with bans. 
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• Type B: Large release in ~inter with significant long term 

contamination of a relatively small area. 

• Type C: Release in summer with moderate ban times {30 d < tb < 1 a) 

and relatively small affected areas. 

• Type D: Large release in summer with significant long term 

contamination and grain bans over large distances. 

The nuclide spectrum was restricted to I-131 (type A) and to a 

mixture of the isotopes I-131, Cs-134 and Cs-137 (types B, C, D), which 

were shown to be the main contributors to the ingestion doses after 

airborne releases from LWRs in many accident consequence assessments. The 

release fractions of the nuclides were taken from the release category FK2 

of the German Risk Study- Phase A(Z1). 

V.2.2 Countermeasure Alternatives 

In this Section, a general overview over the action types considered 

is given; details about the actions and the action models are described in 

Annex I. 

In the sense of decision making, taking no action at all is also an 

action in its own right. Taking no action, regardless of the accident, 

means to choose an intervention level( 2Z) of infinity for the decision 

about foodbans. Given any intervention level (IL) other than infinity, 

foodbans may occur, and, as the basic consequence, the affected food is 

not allowed to be distributed for human consumption. In this case, there 

are several ways to deal with the contaminated foodstuff itself or the 

agricultural land where it is produced. Some of the possible actions for 

grain are listed in Table V.2.1 ("No action" is included in the list): 

Table V.2.1 
Types of action for grain 

(1) NOACT No action 

(2) UPLOU Plough under (normal farm ploughing) 
(3) DISPO Disposal 
(4) STORE Storage 
(5) DI UT Dilution 

(6) NADEC Natural decontamination of soil 
(7) ROTSL Removal of the top soil layer 
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Actions (2)-(5) are aimed at the destruction of immature or mature 

crops growin on the fields, or at a decrease of the specific activities in 

the harvesed grain below the intervention level, so it can be used for 

human consumption. It is assumed, that for ban-times exceeding one year 

in a given grid element, i.e. when more than the first crop after the 

accident is affected, grain will not be produced after the first harvest 

in this area, so that the actions (2)-(5) apply only to the first year's 

crop. 

Actions (6) and (7) relate to the contamination of future crops 

caused by long-term processes, such as root uptake and resuspension. Deep 

ploughing is also an action of this type; it is conceptually similar to 

the removal of the top soil layer. However, the decision as to whether 

deep ploughing can be carried out or not in a given area depends strongly 

on the soil type and requires very detailed data; this action type was not 

considered for the illustrative applications. 

Selection of alternatives 

In order to choose a range of possible courses of actions (action 

alternatives) for grain for the illustrative applications, it is useful to 

distinguish between 

• the area(s), in which the estimated foodban duration tb is< 1 year 

("areas A1), and 

• the area(s), in which the estimated foodban duration tb is~ 1 year 

("areas A2): 

initial -> 
area 

Figure V.2.1 
Distinction of different foodban areas 

area A2 

ban time 
>= 1 y 
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Size and location of the initial area and of the areas A1 and A2 do 

not only depend on the accident scenario, but, by their definition, also 

on the intervention level. For a given accident scenario, one of the four 

possibilities will occur: 

• No ban area at all, e.g. always as the consequence of "no action 

(NOACT)", 

• A1 only, typically for a release where, with respect to the ingestion 

pathways, I-131 dominates, 

• A2 only, e.g. for a major release with significant fractions of 

Cs-134 and Cs-137, 

• A1+A2, e.g. for the above release, with the main area being of type 

A2 and some parts at the edge of the plume of type A1). 

The one which will actually occur depends on the intervention level. 

Excluding the removal of top soil layer, which is discussed below, 

and disregarding any practicability aspect at this stage, all action types 

listed in Table V.2.1 could be useful actions in both areas A1 and A2 in 

the first year after the accident. Since it is unlikely that grain will 

be produced in the following years, in areas where the foodbans were 

estimated to affect more than the first harvest, for areas A2 after the 

first year only the action type "wait until by natural decontamination 

processes the land is usable again (NADEC)" remains. So, a list of 

possible action alternatives will include the action alternatives (1) to 

(5) shown in Table V.2.2. 

From Table I.1 and Table I.7 in Annex I it is obvious that the 

expenditure for the removal of the top soil layer is rather high with 

respect to equipment requirements and to costs, making it senseless to 

consider this action type in area Al. On the other hand, for area A2 it 

might be a useful action; in this case, however, no other action types are 

possible for this area. Together with the actions for possible areas with 

tb < 1 year, this leads to the combinations (6) to (10) in Table V.2.2. 
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Table V.2.2 
Action alternatives considered 

tb<la tb~la tb<la tb~la 

(O) NOACT (1) NADEC NADEC (6) NADEC ROTSL 
(2) UP LOU NADEC (7) UP LOU ROTSL 
(3) DIS PO NADEC (8) DIS PO ROTSL 
(4) STORE NADEC (9) STORE ROTSL 
(5) DILUT NADEC (10) DILUT ROTSL 

With "NOACT" included and three ILs for the actions (1)-(10), 31 

action alternatives can be derived from Table V.2.2. 

Of course, the list in Table V.2.2 is not complete, because other 

combinations of action types can also be thought of, for instance 

"disposal of the most contaminated part of the harvest and dilution of the 

rest", or "removal of the top soil layer in the most contaminated part of 

area A2 and natural decontamination in the rest". Models for action 

alternatives of this type require a definition of what is 'the most 

contaminated part'. One way to do this is to set up one or more 

"sub-intervention level(s)" to guide which part of harvest or area belongs 

to which action type, adding for each combination of action types IL times 

sub-IL new action alternatives to the ones already considered. Since the 

total number of action alternatives is already rather large, the action 

type combinations used for the illustrative applications were restricted 

to those given in Table V.2.2 

Reduction of number of alternatives 

For certain ban durations or contamination levels, the following 

components of the action alternatives from Table V.2.2 are excluded by 

assumptions made in the action type models described in Annex I: 

1 All components referring to tb ~ 1 a where tb is < 1 year. 

2 The ROTSL- component because R ~ fr (see Table I.l). 

3 The STORE - component where the estimated ban duration exceeds a 

certain time limit (in this case 1 year). 

If all grid elements belong to the same category with respect to one 

or more of the constraints above, some of the action alternatives from 

Table V.2.2 can be omitted because they do not apply by definition or 

because they become redundant with others: 

- 81 -



"A1 only 11
: by leaving out the components referring to tb ~ 1 y, 

action alternatives (1)-(5) and (6)-(10) become identical, and half 

of them can be ignored. 

"Always tb ~ 1 y": all action alternatives containing the STORE 

component. 

• "A2 only and always R ~ fr": all action alternatives containing the 

ROTSL component; this condition is very unlikely, though. 

• "Always tb < 90 d 11
: all AAs containing the DILUT component. This was 

introduced basically to eliminate the DILUT action combinations 

completely from the list for those cases when the ban times are short 

in all grid elements. 

All these conditions were identified and superfluous alternatives 

were eliminated from further consideration. However, it should be noted 

that the conditions may change with the IL, so that action alternatives 

can disappear or reappear in the list of possible alternatives when 

analysing the same accident scenario with different intervention levels, 

as will be seen in Section V.2.4. 

In situations where different grid elements belong to different 

categories of constraints, it is not possible to eliminate complete 

alternatives. In addition, if, in a grid element where by some constraint 

an action type is excluded, it is assumed that no other action type is 

carried out instead, the grid element does not contribute to the overall 

consequences. This is incorrect, because something has to be done in this 

area. Then the decision logic operates with input data inadequate for the 

situation when working out the ranking of the action alternatives, thus 

giving results which will be correct in form but wrong in meaning. 

For this reason, in such "mixed conditions" the total consequences 

were calculated assuming the following action type substitutes in grid 

elements where the primary action types do not apply: 

• DISPO instead of STORE 

• NADEC instead of ROTSL if R ~ fr. 

For each of the action combinations (1) to (10) from Table V.2.2 

three intervention levels were considered: 
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Table V.2.3 
Intervention levels (Bq/kg) for grain products 

ILl IODINE 2.00E+04 
ILl CESIUM 1.25E+04 

IL2 IODINE 2.00E+03 
IL2 CESIUM 1.25E+03 

IL3 IODINE 2.00E+02 
IL3 CESIUM 1.25E+02 

The middle set of intervention levels is the one in the EC 

regulation( 23 ), the first and the third are one order of magnitude higher 

and lower, respectively. 

V.2.3 Decision Attributes for Grain 

The decision-tree for grain is shown in Figure V.2.2. It consists of 

three main branches to account for the health, monetary and 

socio-political aspects of the decision process. Six attributes for the 

quantification of these aspects were chosen, two for each branch, 

splitting each main branch into two sub-branches: 

I 
Health 
Effects 

Collective Theoretical 
Dose Saved Maximum 

Committed 
Effective 
Dose 

Figure V.2.2 
Decision tree for grain 

Food-Bans 
on Grain 

I 
Monetary 
Costs 

I 
Socio-Political 

Aspects 

Interven- Production Public International 
tion costs Including Reaction Reaction 

Capital 
Costs 

The decision tree is considered to be basic in the sense that it 

allows a fairly complete quantification of the problem with a minimal 

number of attributes. It does not cover all aspects possibly relevant for 

coming to a decision, for instance the time dependence and the physical 
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practicability are not yet represented; the reasons for these restrictions 

are discussed below. 

The attributes used for the illustrative applications are listed in 

Table V.2.4 and discussed below. 

Table V.2.4 
Attributes for the decision tree 

(f) collective effective dose 
(f) theoretical maximum individual committed effective dose 

(f) total costs for intervention 
(f) total costs for lost production 

(d) public reaction to the action ("How will the general public like the 
decision") 

(d) international reaction to the action ("How will other states like 
the decision") 

Note 

d = direct preferencing; f = functional preferencing 

V.2.3.1 Health Branch 

General population 

The estimated number of health effects avoided by a countermeasure is 

the most direct measure for the effectiveness of the action concerning the 

collective health in the general population; other, more indirect 

quantities, are the collective risk saved or the collective effective dose 

saved. 

Although the number of health effects avoided is the most obvious 

attribute for the collective public health, it was decided to use the 

collective effective dose, because it has several practical advantages: 

• Dose is a quantity somewhat less uncertain than the number of health 

effects or risk, both by the way to calculate it and the data 

employed in the calculations. 

• It is a single quantity; the number of health effects would require a 

breakdown into several categories, e.g. fatal cancers, non-fatal 

cancers and genetic effects, because each category will have 

different weights associated with it. 

The disadvantages are that the collective dose saved is possibly a 

less easy quantity for decision makers to assign value functions to, and 
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that, depending on the dose-risk relationship assumed, it may not be 

possible to infer directly from the collective effective dose saved the 

numbers of health effects avoided. 

The collective dose contains no information about the range of 

individual doses in the population. However, the post-Chernobyl 

discussion showed that the dose to a member of the critical group is 

important to the decision maker. On these grounds, the quantity 

"theoretical maximum individual committed effective dose (TMID)" was 

chosen as an attribute for the individual dose aspect. However, it is 

recognised that the maximum thyroid dose will also be important in 

assessing the impact of releases containing iodine. The TMID is the dose 

an individual belonging to the critical group (defined both by consumption 

and dose per unit intake) would receive, if he or she consumed the food 

over one year contaminated with activities per unit mass identical to the 

intervention levels. It should be noted, that this quantity depends only 

on the IL and not on the action alternative and therefore does not help to 

discriminate between different action alternatives. 

Concerning the time distribution of the dose {both collective and 

individual), the example calculations show that for a release in summer 

the majority of the dose is delivered in the first year, and for a release 

in winter, the contribution from the following years dominate. Although 

corresponding time dependent values for the dose saved could also be 

calculated, e.g. the dose saved in the first year and the dose saved in 

the following years, it is not easy to see how to assign value functions 

and weights to them which are independent of the actual situation. 

Therefore, at present, only the total values are used as attributes. 

Workers 

The radiation exposure of workers is limited by law and therefore may 

not be useful to distinguish between different countermeasures. On the 

other hand, the dose limits for workers may be exceeded for some action 

alternatives but not for others. If they are, additional effort is 

required, either by providing protective gear or by a frequent exchange of 

the personnel, and this will certainly influence the ranking of the action 

alternatives. 

It is likely that for smaller accidents problems of this type do not 

arise. However, this cannot be taken for granted in all accident 

situations, exposure pathways and especially action types. In reference 
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24 it is pointed out that the radiation hazard to workers involved in the 

decontamination of rural areas must be estimated in order to be able to 

prevent unacceptable exposure, or, for the milk pathway, it was concluded 

after an example calculation for the production of milk powder from milk 

contaminated with I-131, that "the personnel radiation hazard causes the 

most serious problems"( 22). 

For the accident scenarios considered for the illustrative 

applications, it is assumed that the dose limit for workers is never 

exceeded when carrying out the grain actions. A proof of this assumption 

requires the assessment of the potential doses to the workers, which 

result from the different exposure pathways (mainly deposition on 

skin I inhalation of resuspended radioactive material, and groundshine) 

for the various forms of human activity, i.e. operating harvest machines, 

farm ploughs, scrapers etc. Given the uncertainty inherent in predicting 

such doses, and the illustrative nature of these applications, the worker 

aspect was not included in the decision hierarchy. 

V.2.3.2 Monetary Costs Branch 

The monetary consequences for an action alternative for grain can be 

d . . d d . . ( 25,26) 
~v~ e ~nto two categor~es : 

1. Intervention costs: all costs arising from the treatment of the 

banned foodstuffs or agricultural areas affected by the bans, and the 

costs for monitoring foodstuffs or areas for about the estimated ban 

duration. 

2. Production losses and capital losses: all costs coming from the 

loss of the foodstuffs (purchases from other producers, income of 

farmers etc., and depreciation of capital). 

The costs for the first category have to be paid directly; the second 

category is a "passive" source of monetary consequences. Therefore, it 

can be expected that different value functions or weights will be assigned 

to each category, justifying the two-armed structure of the monetary 

branch of the decision tree. 

It is possible to subdivide the "passive" branch into its different 

contributors, namely the gross output, contributing in the first year, the 

gross domestic product, contributing in years two and three, and the 

capital costs, contributing in the remaining years (see Section 1.4.5.1 in 

Annex I). This breakdown was not made here, because, in the authors' 

opinion, there are no arguments to interpret or weight the costs in the 
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first year differently from those in years two and three, or the capital 

costs differently from the others, the latter mainly because example 

calculations have shown that in general the capital costs give the 

smallest contributions to the total costs. 

V.2.3.3 Socio-Political Branch 

As for the monetary costs, two different categories can be 

distinguished for the socio-political consequences: 

1. Reaction of the public in the state which has to decide on the 

countermeasures (national reaction). 

2. Reactions of the governments and the public in other states affected 

somehow by the decision, e.g. by having to monitor foodstuffs 

imported from the primary country when the ILs are higher than the 

national ones (international reaction). 

Both aspects may be very important for the decision maker, but they 

are difficult to quantify. There exist quantities which are known to 

influence the national reaction, e.g. the amount of grain banned as a 

function of time, and possibly similar quantities can be found for the 

international reactions. However, it can be difficult to derive value 

functions for such attributes, bearing in mind that they must either 

represent averages of some kind over different population groups or even 

nations, or be representative for some subgroup. In the latter case, the 

weight for the corresponding branch must reflect the importance the 

decision maker attributes to this sub-group in comparison to other 

branches. In addition, it is difficult to find out and predict population 

reactions when these may be governed by factors such as the desire to 

avoid any risk from nuclear industrial activity, however small it may be. 

Another problem when assigning value functions and weights is that 

many o~ the consequences are directly correlated, e.g. the areas affected, 

the amount of food bannned, and the costs. At present, it is not clear 

that this correlation does not inhibit the concurrent use of such 

attributes because they are not preference-independent. 

On these grounds it was decided not to structure the socio-political 

branch in more detail and to recommend a direct scoring by subjective 

judgement. Persons who are requested to generate value functions and 

weights for the various action alternatives should be aware of the whole 

spectrum of consequences and take them into account when judging the 
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national and international reactions. For this, the following aspects may 

be of importance: 

• the areas affected by the bans 

• the duration of the bans 

• the amount of food banned 

• the necessity and possibility of food imports to replace the lost 

national production 

• the increase of costs for the food product for the consumers 

• the willingness of the people to buy a foodproduct which is processed 

to decrease the contamination level 

• the population group which dominates the general public reaction 

(e.g. the farmers or the general population) 

• the intervention level (compared to internationally accepted levels 

or levels applied in neighbouring states) 

One may note that most of the items listed above depend on the time. 

If the time dependence turns out to be of major importance to the decision 

maker, then attributes must be defined which reflect the time aspect; for 

the time being, this rather complicated set of problems was left aside. 

V.2.3.4 Practicability Aspect 

Of the action types from Table V.2.1, DISPO, STORE, DILUT and ROTSL 

require physical resources in order to be carried out: 

• Disposal capacity for DISPO, e.g. access to storage facilities for 

radioactive waste. 

• Storage capacity for STORE. 

• Uncontaminated grain for DILUT. 

• Scrapers, road graders, bulldozers etc. for ROTSL. 

The availability of such resources may be a limiting factor for the 

physical practicability of corresponding action types. Such a limit can 

probably not be defined independently of the accident scenario, because it 

may depend on the size of the accident and the international surroundings: 

for instance, considering the EC as a whole, neighbouring countries may 

offer their o~~ resources if the accident consequences are restricted to 

one country, or be unable to do so if larger parts of the EC are affected. 

It was therefore decided to leave out the practicability aspect from the 

decision hierarchy for the time being. 
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V.2.4 Discussion of the Accident Consequences 

The calculation of the deposited activities was performed with the 

German accident consequence assessment code system UFOMOD( 21 ) (subsystem 

NL) for one weather sequence. The accident consequences were calculated 

as described in Annex I, with foodchain transport model data for July 1st 

for the release types A, C and D and for January 1st for the release type 

B. 

To provide a picture of the extent of the bans for the different 

release types, the maximum distances where grain bans are estimated and 

the amount of produce affected by the bans are shown in Tables V.2.5 and 

V.2.6 as a function of time. 

As discussed in Section V.2.3, the following attributes were 

identified to be relevant for the decision logic: 

• the total costs for the intervention, CI 

• the total costs for lost production and lost capital, CP 

• the collective committed dose equivalent saved, CDS (effective dose 

or thyroid dose) 

• the theoretical maximum individual committed dose equivalent, TMID 

(effective dose or thyroid dose) 

The values of CI and CP for the different action alternatives are 

listed in Table V.2.7, those for CDS in Table V.2.8 (release type A: 

thyroid dose; all other release types: effective dose). Table V.2.8 also 

contains the fractions saved of the reference collective dose, FREFCD. 

The action alternative NOACT always scores zero on CI, CP and CDS and is 

omitted from the tables. 

The values for TMID are not given, since they are by definition 

proportional to the intervention level and thus do not differ for 

different action alternatives with the same IL. 

Other results, such as the detailed breakdown of the costs into the 

different components and the time dependences of the individual and 

collective doses are not shown here, but provided considerable help for 

the interpretation of the results. 

In the following, the accident consequences for the different release 

types are briefly discussed in order to facilitate the interpretation of 

the outcome of the decision logic. 
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V.2.4.1 Release Type A 

Because of the short radioactive half life of I-131 (8 days), the 

grain bans are of short duration for all three intervention levels. The 

maximum ban time is 3 months, so that only actions in the first year are 

required, making all action alternatives containing the ROTSL component 

superfluous. Moreover, dilution need not to be considered because of the 

very short ban time. This largely reduces the list of possible action 

alternatives. 

The values for the attribute "intervention costs" show a clear 

distinction both with respect to all action alternatives and to the 

intervention levels. 

The actions NADEC, UPLOU and DISPO lead to a loss of the total first 

harvest in the affected areas, independent of the ban durations. 

Therefbre, for a given IL, the values of CP and of CDS (here: for the 

thyroid), respectively, are the same for the three actions, which means 

that they cannot be distinguished by these two attributes. However, the 

corresponding values are clearly distinct for the different intervention 

levels. 

For the action STORE, the crops from the affected areas are stored 

for some time and afterwards used for human consumption, so that 

(approximately) no costs due to the loss of production and capital arise; 

the collective dose saved is about 85% to 95% of the reference collective 

dose, dependent on the intervention level. 

V.2.4.2 Release Type B 

Since the release is in winter, the direct contamination of standing 

crops is not relevant. However, the activity levels in the soil are so 

high that the long-term contamination of the crops by root uptake is 

significant and the duration of the bans, if any, is rather long due to 

the presence of the long-lived caesium isotopes in the release. 

The highest intervention level does not lead to any bans. For the ILs 

2 and 3, the foodbans are estimated to last between about 6 months and 50 

years, so that the long term components of the action alternatives may 

come into operation. The first components of the action alternatives 

apply to the winter seed of the first year, which was already present on 

the fields at the time of the accident. However, storage is not taken 

into account here, since the ban time is rather long for this measure, and 

dilution is certainly a more reasonable action in this case. 
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The total intervention costs for release type B comprise both the 

costs for the short term and the long term actions. For all action 

alternatives containing the ROTSL component, the intervention costs are 

dominated by the costs for the removal of the top soil layer and therefore 

do not differ in the values for this attribute for a given IL. The other 

action alternatives are sufficiently spread in the CI-values to allow a 

ranking by this attribute. 

For CP, DILUT gives only contributions from the following years, 

ROTSL only from the first year (where it applies: there is a small area in 

which the contamination is so high that it cannot be reduced below the 

IL3; in this residual area, NADEC is assumed). Since the costs for the 

production and capital losses in year one are about three times higher in 

the case of IL2 and about the same in the case of IL3 as the costs from 

all following years, the spread in the total CP between the different 

action alternatives at the same intervention level is only moderate. 

Table V.2.5 
Maximum distance (km) for grain bans with durations tb ~ ti 

Od 7d 30d 90d 180d la 2a Sa lOa 20a 50 a 

A ILl 10 10 0 0 0 0 0 0 0 0 0 
A ILl 90 80 10 0 0 0 0 0 0 0 0 
A ILl 175 150 80 0 0 0 0 0 0 0 0 

B ILl 0 0 0 0 0 0 0 0 0 0 0 
B IL2 30 30 30 30 30 30 30 10 10 10 0 
B IL3 90 90 90 90 90 90 90 90 80 80 30 

c ILl 80 80 80 80 80 0 0 0 0 0 0 
c IL2 90 90 90 90 90 0 0 0 0 0 0 
c IL3 400 400 400 400 400 0 0 0 0 0 0 

D ILl 400 400 400 400 400 0 0 0 0 0 0 
D IL2 500 500 500 500 500 30 30 10 10 10 10 
D IL3 500 500 500 500 500 90 90 90 80 80 30 
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Table V.2.6 
Produce with bans with durations tb ~ ti 

Od 7d 30d 90d 180d la 2a Sa 20a 50 a 

A ILl 3.2E+6 1.9E+6 O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O 
A IL2 4.2E+7 2.6E+7 2.6E+6 O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O 
A IL3 1.9E+8 1.3E+8 3.0E+7 O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O 

B ILl O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O 
B IL2 1.1E+7 1.1E+7 1.1E+7 1.1E+7 1.1E+7 9.0E+6 5.0E+6 2.6E+6 1.3E+6 O.OE+O 
B IL3 6.5E+7 6.5E+7 6.5E+7 6.5E+7 5.8E+7 5.3E+7 4.8E+7 3.7E+7 2.8E+7 1.2E+7 

c ILl 2.9E+7 2.9E+7 2.9E+7 2.9E+7 2.9E+7 O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O 
c IL2 8.0E+7 8.0E+7 8.0E+7 7.6E+7 7.6E+7 O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O 
c IL3 4.5E+8 4.5E+8 4.0E+8 4.5E+8 3.6E+8 O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O 

D ILl 4.5E+8 4.5E+8 4.0E+8 4.5E+8 3.6E+8 O.OE+O O.OE+O O.OE+O O.OE+O O.OE+O 
D IL2 8.6E+8 8.6E+8 8.6E+8 8.6E+8 8.4E+8 1.1E+7 9.0E+6 2.6E+6 1.3E+6 O.OE+O 
D IL3 1.3E+9 1.3E+9 1.3E+9 1.3E+9 1.3E+9 6.2E+7 5.0E+7 3.7E+7 2.8E+7 1.2E+7 

~·.-Note: 3.2E+06 is 3.2 10 6 
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Table V.2.7 
Estimated costs of actions 

ci CP ci CP 

A ILl NADEC O.OOE+OO 8.62E+05 B ILl NADEC/NADEC - not grainbans 
B ILl NADEC/ROTSL - not grainbans 

A ILl UPLOU 2.91E+04 8.62E+05 B ILl UPLOU/NADEC - not grain bans 
B ILl UPLOU/ROTSL - not grainbans 

A ILl DIS PO 2.52E+06 8.62E+05 B ILl DISPO/NADEC - not grainbans 
B ILl DISPO/ROTSL - not grainbans 

A ILl STORE 2.71E+03 O.OOE+OO B ILl STORE/NADEC - not applicable -
B ILl STORE/ROTSL - not applicable -

A ILl DILUT - not applicable - B ILl DILUT/NADEC - not grainbans 
B ILl DILUT/ROTSL - not grainbans 

A IL2 NADEC O.OOE+OO 1.13E+07 B IL2 NADEC/NADEC O.OOE+OO 4.58E+06 
B IL2 NADEC/ROTSL 7.09E+08 3.03E+06 

A IL2 UPLOU 3.82E+05 1.13E+07 B IL2 UPLOU/NADEC 1.02E+05 4.58E+06 
B IL2 UPLOU/ROTSL 7.09E+08 3.03E+06 

A IL2 DISPO 3.31E+07 1.13E+07 B IL2 DISPO/NADEC 8.85E+06 4.58E+06 
B IL2 DISPO/ROTSL 7.10E+08 3.03E+06 

A IL2 STORE 4.28E+04 O.OOE+OO B IL2 STORE/NADEC - not applicable-
B IL2 STORE/ROTSL - not applicable-

A IL2 DILUT - not applicable - B IL2 DILUT/NADEC O.OOE+OO 1.55E+06 
B IL2 DILUT/ROTSL 7.09E+08 2.40E+06 

A IL3 NADEC O.OOE+OO 4.97E+07 B IL3 NADEC/NADEC O.OOE+OO 2.93E+07 
B IL3 NADEC/ROTSL 3.44E+09 1.96E+07 

A IL3 UPLOU 1.68E+06 4.97E+07 B IL3 UPLOU/NADEC 5.82E+05 2.93E+07 
B IL3 UPLOU/ROTSL 3.44E+09 1.96E+07 

A IL3 DISPO 1.45E+08 4.97E+07 B IL3 DISPO/NADEC 5.05E+07 2.93E+07 
B IL3 DISPO/ROTSL 3.45£+09 1.96E+07 

A IL3 STORE 2.43E+05 O.OOE+OO B IL3 STORE/NADEC - not applicable -
B IL3 STORE/ROTSL - not applicable-

A IL3 DILUT - not applicable - B IL3 DILUT/NADEC O.OOE+OO 1.21E+07 
B IL3 DI1UT/ROTSL 3.44E+09 1.64E+07 

-------------------------------------------------------------------------c ILl NADEC O.OOE+OO 7.65E+06 D ILl NADEC/NADEC O.OOE+OO 1.19E+08 
D ILl NADEC/ROTSL - not applicable -

c ILl UPLOU 2.58£+05 7.65E+06 D ILl UP10U/NADEC 4.03E+06 1.19E+08 
D ILl UPLOU/ROTSL - not applicable -

c ILl DIS PO 2.23E+07 7.65E+06 D ILl DISPO/NADEC 3.49E+08 1.19E+08 
D ILl DISPO/ROTSL - not applicable -

c ILl STORE 4.18E+05 O.OOE+OO D ILl STORE/NADEC 5.86E+06 O.OOE+OO 
D ILl STORE/ROTSL - not applicable -

c ILl DILUT O.OOE+OO O.OOE+OO D ILl DILUT/NADEC O.OOE+OO O.OOE+OO 
D ILl DI1UT/ROTSL - not applicable -

c IL2 NADEC O.OOE+OO 2.12E+07 D IL2 NADEC/NADEC O.OOE+OO 2.31E+08 
D IL2 NADEC/ROTSL 8.94E+08 2.28E+08 

c IL2 UPLOU 7.16E+05 2.12E+07 D IL2 UPLOU/NADEC 7.70E+06 2.31E+08 
D IL2 UPLOU/ROTSL 9.01E+08 2.28E+08 

c IL2 DISPO 6.21E+07 2.12E+07 D IL2 DISPO/NADEC 6.67E+08 2.31E+08 
D IL2 DISPO/ROTSL 1.55E+09 2.28E+08 

c IL2 STORE 1.12E+06 O.OOE+OO D IL2 STORE/NADEC 2.10E+07 5.26E+06 
D IL2 STORE/ROTSL 9.06E+08 3.03E+06 

c IL2 DILUT O.OOE+OO O.OOE+OO D I12 DILUT/NADEC O.OOE+OO 2.23E+06 
D IL2 DILUT/ROTSL 8.94E+08 3.03E+06 

c IL3 NADEC O.OOE+OO 1.19E+08 D 1L3 NADEC/NADEC O.OOE+OO 3.65E+08 
D 113 NADEC/ROTS1 3.97E+09 3.54E+08 

c IL3 UPLOU 4.03E+06 1.19E+08 D 1L3 UPLOU/NADEC 1.18E+07 3.65E+08 
D IL3 UPLOU/ROTSL 3.98E+09 3.54E+08 

c I13 DISPO 3.49E+08 1.19E+08 D IL3 D1SPO/NADEC 1.03E+09 3.65E+08 
D 113 D1SPO/ROTSL 4.95E+09 3.54E+08 

c 113 STORE 5.86E+06 O.OOE+OO D 113 STORE/NADEC 6.65E+07 2.98E+07 
D 113 STORE/ROTSL 3.99E+09 1.94E+07 

c 113 DILUT O.OOE+OO O.OOE+OO D 113 DILUT/NADEC O.OOE+OO 1.33E+07 
D I13 D1LUT/ROTSL 3.97E+09 1.94E+07 
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Table V.2.8 
Collective committed dose equivalent saved 

CDS FREFCD CDS FREFCD 

A ILl NADEC 7.88E+02 100.0% B ILl NADEC/NADEC -not grainbans -
B ILl NADEC/ROTSL - not grainbans -

A ILl UPLOU 7.88E+02 100.0% BILl UPLOU/NADEC -not grainbans-
B ILl UPLOU/ROTSL - not grainbans -

A ILl DISPO 7.88E+02 100.0% BILl DISPO/NADEC -not grainbans-
B ILl DISPO/ROTSL - not grainbans -

A ILl STORE 6.66E+02 84.5% B ILl STORE/NADEC - not applicable -
B ILl STORE/ROTSL - not applicable -

A ILl DILUT - not applicable - B ILl DILUT/NADEC - not grainbans -
B ILl DILUT/ROTSL - not grainbans -

A IL2 NADEC 2.79E+03 100.0% B IL2 NADEC/NADEC 2.51E+03 100.0% 
B IL2 NADEC/ROTSL 2.30E+03 91.7% 

A IL2 UPLOU 2.79E+03 100.0% B IL2 UPLOU/NADEC 2.51E+03 100.0% 
B IL2 UPLOU/ROTSL 2.30E+03 91.7% 

A IL2 DISPO 2.79E+03 100.0% B IL2 DISPO/NADEC 2.51E+03 100.0% 
B IL2 DISPO/ROTSL 2.30E+03 91.7% 

A IL2 STORE 2.57E+03 92.2% B IL2 STORE/NADEC - not applicable -
B IL2 STORE/ROTSL - not applicable -

A IL2 DILUT - not applicable - B IL2 DILUT/NADEC 2.08E+03 82.8% 
B IL2 DILUT/ROTSL 2.26E+03 90.0% 

A IL3 NADEC 3.74E+03 100.0% B IL3 NADEC/NADEC l.OOE+04 100.0% 
B IL3 NADEC/ROTSL 9.70E+03 96.7% 

A IL3 UPLOU 3.74E+03 100.0% B IL3 UPLOU/NADEC l.OOE+04 100.0% 
B IL3 UPLOU/ROTSL 9.70E+03 96.7% 

A IL3 DISPO 3.74E+03 100.0% B IL3 DISPO/NADEC l.OOE+04 100.0% 
B IL3 DISPO/ROTSL 9.70E+03 96.7% 

A IL3 STORE 3.64E+03 97.4% B IL3 STORE/NADEC -not applicable-
B IL3 STORE/ROTSL - not applicable -

A IL3 DILUT - not applicable - B IL3 DILUT/NADEC 9.29E+03 92.6% 
B IL3 DILUT/ROTSL 9.68E+03 96.5% 

---------------------------------------------------------------------------c ILl NADEC/NADEC 1.75E+04 100.0% DILl NADEC/NADEC 2.29E+06 100.0% 
D ILl NADEC/ROTSL - not applicable -

C ILl UPLOU/NADEC 1.75E+04 100.0% DILl UPLOU/NADEC 2.29E+06 100.0% 
D ILl UPLOU/ROTSL - not applicable -

C ILl DISPO/NADEC 1.75E+04 100.0% DILl DISPO/NADEC 2.29E+06 100.0% 
D ILl DISPO/ROTSL - not applicable -

C ILl STORE/NADEC 3.56E+03 20.3% D ILl STORE/NADEC 4.63E+05 20.2% 
D ILl STORE/ROTSL - not applicable -

C ILl DILUT/NADEC O.OOE+OO 0.0% D ILl DILUT/NADEC O.OOE+OO 0.0% 
D ILl DILUT/ROTSL - not applicable -

C IL2 NADEC/NADEC 2.11E+04 100.0% D IL2 NADEC/NADEC 2.34E+06 100.0% 
D IL2 NADEC/ROTSL 2.34E+06 100.0% 

C I12 UPLOU/NADEC 2.11E+04 100.0% D IL2 UPLOU/NADEC 2.34E+06 100.0% 
D IL2 UP10U/ROTSL 2.34E+06 100.0% 

C I12 DISPO/NADEC 2.11E+04 100.0% D I12 DISPO/NADEC 2.34E+06 100.0% 
D I12 DISPO/ROTSL 2.34E+06 100.0% 

C I12 STORE/NADEC 4.28E+03 20.3% D I12 STORE/NADEC 1.45E+06 61.9% 
D I12 STORE/ROTSL 1.45E+06 61.9% 

C I12 DILUT/NADEC O.OOE+OO 0.0% D I12 DI1UT/NADEC 2.46E+03 0.1% 
D IL2 DI1UT/ROTSL 1.22E+06 52.2% 

C I13 NADEC/NADEC 2.29E+04 100.0% D IL3 NADEC/NADEC 2.35E+06 100.0% 
D IL3 NADEC/ROTSL 2.35E+06 100.0% 

C IL3 UPLOU/NADEC 2.29E+04 100.0% D IL3 UPLOU/NADEC 2.35E+06 100.0% 
D I13 UP10U/ROTSL 2.35E+06 100.0% 

C IL3 DISPO/NADEC 2.29E+04 100.0% D IL3 DISPO/NADEC 2.35E+06 100.0% 
D IL3 DISPO/ROTSL 2.35E+06 100.0% 

C IL3 STORE/NADEC 4.63E+03 20.3% D IL3 STORE/NADEC 2.13E+06 90.5% 
D IL3 STORE/ROTSL 2.13E+06 90.5% 

C IL3 DILUT/NADEC O.OOE+OO 0.0% D IL3 DILUT/NADEC 9.68E+03 0.4% 
D 113 DILUT/ROTSL 2.07E+06 88.1% 
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Due to the long term nature of the contamination, only about 10% to 

20% of the reference collective dose comes from the first year, the rest 

from the following years, so that the spread in the values for this 

attribute is not very wide. 

V.2.4.3 Release Type C 

Although the release contains caesium isotopes with radioactive 

half-lives greater than one year, there is not sufficient contamination of 

the soil to lead to food bans exceeding one year even with the lowest 

intervention level, so that the long term components of the action 

alternatives are superfluous. In contrast to release type A, however, the 

time dependence of the contamination and thus of the bans is governed by 

weathering processes rather than radioactive decay, making the ban times 

somewhat longer and dilution an additional possible action type in the 

first year. 

Again, the intervention costs CI is the only attribute giving a clear 

distinction for all action alternatives and intervention levels. The 

values for CP show the same behaviour as for release type A; DILUT and 

STORE both score zero, because the affected produce is used for 

consumption ~fter treatment. 

With dilution, no collective dose is saved by definition. Storage 

saves somewhat less of the reference collective dose than for release type 

A because the collective dose is caused to a major part by Cs-134 and not 

by I-131. All other action types save 100% of the reference collective 

dose. 

V.2.4.4 Release Type D 

For this release., the maximum extent of the bans was artificially 

limited to 500 km. Although the distance for the cut is arbitrary, it was 

introduced to account for the fact that an optimization of countermeasures 

is only possible within a restricted area governed by the same political 

administration, e.g. one member state of the EC, and that the bans for a 

very large release may well exceed the area of optimization. 

Apart from the highest intervention level, the distance limit is 

always exceeded. The ban duration is at least between three and six 

months, but only the ILs 2 and 3 lead to ban durations longer than one 

year and may require the long term action types. However, for both 

intervention levels, there is a small area where the contamination is so 

high that it cannot be reduced below the IL with ROTSL; in this residual 
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area, natural decontamination is assumed. NADEC is also the only allo~ed 

first component of the action alternatives in all areas where the top soil 

layer is removed. In areas with ban durations greater than 1 year, 

disposal is assumed instead of storage for the action alternative 

STORE/NADEC. 

The highest intervention level, ILl, leads to the same time 

.dependence of the bans as release type C. Although the areas and the 

amount of produce affected are much larger, all results for ILl of release 

type D show a similar behaviour than for type C and require no further 

explanations. 

The intervention costs show a similar behaviour as for release type B 

with a dominant contribution from ROTSL where it is considered. The 

amount of produce for which storage does not lead to a reduction of the 

activity below the IL increases with decreasing intervention level, and 

for IL2, the costs for disposal of the untreatable part of the crops are 

about 60% of the storage costs, for IL3, however, the costs are more than 

twice as large, thus dominating the total intervention costs CI. 

As for release type B, the costs due to the production losses seem to 

separate the action alternatives containing STORE or DILUT from those 

which do not. However, other than for release type B, the first year's 

costs are always dominant, so that the differences between actions 

containing ROTSL, saving the CP-components from the following years, and 

those which do not, almost vanish. 

For the ILs 2 and 3, about 99% to 95% of the collective reference 

dose comes from the first year. Action alternatives containing the DILUT 

or STORE component save nothing or only some part of the first year's 

contribution they act on; all other action alternatives save the total 

reference collective dose. 

For the ILs 2 and 3, one can generally observe that the differences 

in the results between the two intervention levels are less pronounced 

than for the other release types due to the distance cut. 

V.2.5 Discussion of the Decision Analysis Results 

V.2.5.1 Evaluation Matrix 

According to the decision tree for the banning of grain described in 

Section V.2.3 (Figure V.2.2), the action alternatives are evaluated on the 

four physically quantifiable attributes: collective dose saved, individual 

dose, direct and indirect monetary costs; and on the two socio-political 
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attributes "public reaction" and "international reaction". As "ras 

explained in Section V.2.3.3, for the latter attributes no physical 

quantities were identified which could serve as measures for the ranking, 

and the direct valuation technique was applied to assign preference values 

between 0 and 100 to the action alternatives (Table V.2.9). The values 

were derived by the authors by subjective judgement and are as follows: 

a) Public reaction: 

• "No action" as a reaction of the authorities to a foodstuff 

contamination will probably be considered as the worst of all 

possible actions so was assigned a value of zero on the preference 

scale. 

• The lower the intervention level, the better the public opinion, 

because of risk aversion as a general behaviour in the case of 

non-self-made risks. Values of 20, 70 and 100 were assigned for ILl, 

IL2 and IL3. 

• It seems reasonable to assume that actions which lead finally to the 

destruction of the affected foodstuffs will be preferred to those 

bringing the foodstuffs back to the market, and that storage, which 

actually reduces the collective dose, will be preferred to dilution, 

which does not. 10 to 20 points less were assigned for storage and 

dilution relative to the other actions. 

• No distinction between natural decontamination, ploughing under and 

disposal, so all three actions are given the same preference values. 

b) International reaction 

• The intervention level in the EC regulation, IL2, is liked best by 

the neighbouring countries so has a value 100 on the preference 

scale. 

• Intervention levels higher than IL2 will require the monitoring of 

imported foodstuffs, whereas intervention levels lower than IL2 will 

not, but might cause the population in the neighbouring countries to 

demand the same higher safety standard and lead to internal political 

problems. It was assumed that monitoring is considered worse, and 

"no action" again the least desirable alternative ie, values of 0 for 

NOACT, 20 for ILl and 70 for IL3. 
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Table V.2.9 
Preference values for socio-political aspects 

public intern. public intern. 

A NO ACT 0 0 B NOACT 0 0 

A ILl NADEC 20 20 B ILl NADEC/NADEC - no grainbans -
B ILl NADEC/ROTSL - no grainbans -

A ILl UPLOU 20 20 B ILl UPLOU/NADEC - no grainbans -
B ILl UPLOU/ROTSL - no grainbans -

A ILl DIS PO 20 20 B ILl DISPO/NADEC - no grainbans -
B ILl DISPO/ROTSL - no grainbans -

A ILl STORE 10 10 B ILl STORE/NADEC - not applicable -
B ILl STORE/ROTSL - not applicable -

A ILl DILUT - not applicable - B ILl DILUT/NADEC - no grainbans -
B ILl DILUT/ROTSL - no grainbans -

A IL2 NADEC 70 100 B IL2 NADEC/NADEC so 100 
B IL2 NADEC/ROTSL so 100 

A IL2 UPLOU 70 100 B IL2 UPLOU/NADEC so 100 
B IL2 UPLOU/ROTSL so 100 

A IL2 DISPO 70 100 B IL2 DISPO/NADEC so 100 
B IL2 DISPO/ROTSL so 100 

A IL2 STORE 50 80 B IL2 STORE/NADEC - not applicable -
B IL2 STORE/ROTSL - not applicable -

A IL2 DILUT - not applicable - B IL2 DILUT/NADEC 30 80 
B IL2 DILUT/ROTSL 30 80 

A IL3 NADEC 100 70 B IL3 NADEC/NADEC 100 so 
B IL3 NADEC/ROTSL 100 so 

A IL3 UPLOU 100 70 B IL3 UPLOU/NADEC 100 so 
B IL3 UPLOU/ROTSL 100 so 

A IL3 DISPO 100 70 B IL3 DISPO/NADEC 100 so 
B IL3 DISPO/ROTSL 100 50 

A IL3 STORE 80 50 B IL3 STORE/NADEC - not applicable -
B IL3 STORE/ROTSL - not applicable -

A IL3 DILUT - not applicable - B IL3 DILUT/NADEC 80 30 
B IL3 DILUT/ROTSL 80 30 - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - -

c NOACT 0 0 D NOACT 0 0 

c ILl NADEC 20 20 D ILl NADEC/NADEC 20 20 
D ILl NADEC/ROTSL - not applicable -

c ILl UPLOU 20 20 D ILl UPLOU/NADEC 20 20 
D ILl UPLOU/ROTSL - not applicable -

c ILl DIS PO 20 20 D ILl DISPO/NADEC 20 20 
D ILl DISPO/ROTSL - not applicable -

c ILl STORE 0 10 D ILl STORE/NADEC 10 10 
D ILl STORE/ROTSL - not applicable -

c ILl DILUT 0 0 D ILl DILUT/NADEC 10 10 
D ILl DILUT/ROTSL - not applicable -

c IL2 NADEC 70 100 D IL2 NADEC/NADEC 50 100 
D IL2 NADEC/ROTSL so 100 

c IL2 UPLOU 70 100 D IL2 UPLOU/NADEC so 100 
D IL2 UPLOU/ROTSL so 100 

c IL2 DISPO 70 100 D IL2 DISPO/NADEC so 100 
D IL2 DISPO/ROTSL so 100 

c IL2 STORE so 80 D IL2 STORE/NADEC 30 80 
D IL2 STORE/ROTSL 30 80 

c IL2 DILUT 30 80 D IL2 DILUT/NADEC 30 80 
D IL2 DILUT/ROTSL 30 80 

c IL3 NADEC 100 70 D IL3 NADEC/NADEC 100 so 
D IL3 NADEC/ROTSL 100 so 
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Table V.2.9 
Preference values for socio-political aspects 

public intern. public intern. 

c IL3 UPLOU 100 70 D IL3 UPLOU/NADEC 100 50 
D IL3 UPLOU/ROTSL 100 50 

c IL3 DISPO 100 70 D IL3 DISPO/NADEC 100 50 
D IL3 DISPO/ROTSL 100 50 

c IL3 STORE 70 50 D IL3 STORE/NADEC 80 30 
D IL3 STORE/ROTSL 80 30 

c IL3 DILUT 50 50 D IL3 DILUT/NADEC 80 30 
D IL3 DILUT/ROTSL 80 30 

• For the same reasons as for the public reaction, 10 to 20 points less 

for storage and dilution compared to the other actions, which were 

not distinguished between each other. 

Only those action alternatives appear in the evaluation matrix, which 

have non-zero values in the physically quantifiable attributes. 

Intervention levels not leading to foodbans for the given action scenario 

(e.g. ILl for release type B), were evaluated as "no action" under the 

socio-political aspects. 

V.2.5.2 Value functions 

For simplicity and because of lack of knowledge about decision makers 

preferences, linear value functions were assumed between the minimum and 

maximum values of each attribute. The slopes are positive (i.e. the 

highest values are the most preferred) for the collective dose saved and 

the socio-political aspects, and negative (i.e. the lowest values are the 

most preferred) for all other aspects. 

V.2.5.3 Weights 

As the base case, equal weights were applied, assuming a uniform 

importance of all attributes. To investigate the influence of changes in 

the weights for the health branch and the socio-political branch, 

sensitivity studies were performed by varying the relative weights for the 

collective dose saved and the theoretical maximum individual committed 

dose (TMID) between 0.0 and 1.0 while taking values of 0.33 and 0.0 as 

weights for the socio-political branch: 
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Health 0.33 
Effects (0.5) 

I 
Collective Theoretical 
Dose Saved Maximum 

Committed 
Effective 
Dose 

0.5 0.5 

Figure V.2.3 
Weights for the attributes 

Food-Bans 
on Grain 

I 
Monetary 0.33 

Costs (0.5) 

~ I 

I 
Socio-Political 0.33 

Aspects (0.0) 

I 
I 

Interven- Production Public International 
tion Costs Including 

Capital 
Costs 

0.5 0.5 

Reaction Reaction 

0.5 0.5 

V.2.5.4 Ranking and Sensitivity Analyses 

The ranking of the action alternatives after the weighted summation 

of all values is given in Table V.2.10 for the release types A-D and the 

base case weights. It is obvious that "no action" has the lowest rank for 

all release situations considered. The highest ranks are in general given 

to those actions initiated on the basis of the currently recommended 

intervention level IL2. Higher intervention levels are mostly ranked 

low. 

For each intervention level, single action alternatives are difficult 

to distinguish, since the rank numbers differ only slightly. In general, 

natural decontamination, ploughing under and storage are more preferred 

than dilution, disposal and removal of top soil layer. These results are 

also valid, if the socio-political aspects get zero weight. This is 

mainly caused by the high variation in the economic costs for the actions 

described in the previous chapter. 

To illustrate the influence of changes in the weights for the 

collective dose saved and TMID on the ranking, the results of the 

sensitivity analyses are shown in graphical form in Figure V.2.4- V.2.7 

for the base case and in Figure V.2.8 - V.2.11 without the socio-political 

branch. 
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The general tendency is that the higher the individual doses 

(quantified as TMID) are weighted, the more the currently recommended 

intervention level IL2 is preferred. On the other hand, higher ~eights for 

the collective dose saved lead to a ranking where action alternatives with 

the lower intervention level become dominant, because, in general, these 

will save more collective dose. This tendency is also observed if the 

socio-political branch is neglected entirely, although the latter 

strengthens this trend due to the higher preferences assigned to 

alternatives with the lower IL. 

The conclusions drawn from the decision analyses should be regarded 

as typical results which can be obtained with RADE-AID and not as 

qualitative or quantitative predictions for the scenarios considered. This 

would require sound value functions and weights broadly agreed on by 

people involved in decision-making on nuclear emergency actions which are 

not available at this stage. However, they clearly demonstrate the 

usefulness of the RADE-AID methodology to structure the decision problem, 

to identify relevant attributes and to show the influence of the 

decision-makers preferences on the decisions finally made. 
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Table V.2.10 
Ranking of action alternatives 

Release type A 

IL3 STORE 0.88 
1L2 NADEC 0.87 
1L2 UPLOU 0.87 
IL2 DISPO 0.83 
IL2 STORE 0.83 
IL3 NADEC 0.78 
1L3 UPLOU 0.78 
1L3 D1SPO 0.62 
ILl NADEC 0.58 
ILl UPLOU 0.58 
ILl DISPO 0.58 
ILl STORE 0.55 

NOACT 0.33 
IL3 ULPOU/ROTSL 0.63 
IL3 DISPO/ROTSL 0.63 
IL3 DILUT/ROTSL 0.58 

NOACT 0.33 

Release type C 

IL2 NADEC 
IL2 UPLOU 
IL2 DISPO 
IL3 NADEC 
IL3 UPLOU 
IL2 STORE 
IL3 STORE 
IL2 DILUT 
ILl NADEC 
ILl UPLOU 
IL3 DILUT 
ILl DISPO 
IL3 DISPO 
ILl STORE 
ILl DILUT 

NOACT 
IL3 DILUT/ROTSL 
ILl NADEC/NADEC 
ILl UPLOU/NADEC 
ILl DISPO/NADEC 
IL3 NADEC/ROTSL 
IL3 UPLOU/ROTSL 
IL3 D1SPO/ROTSL 
ILl STORE/NADEC 
ILl DILUT/NADEC 

0.91 
0.91 
0.88 
0.78 
0.78 
0.75 
0.73 
0.68 
0.67 
0.67 
0.67 
0.66 
0.62 
0.54 
0.50 
0.33 
0.68 
0.66 
0.66 
0.65 
0.63 
0.62 
0.59 
0.55 
0.52 
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Release type B 

IL3 DILUT/NADEC 0.77 
IL2 NADEC/NADEC 0.76 
IL2 UPLOU/NADEC 0.76 
IL2 D1SPO/NADEC 0.76 
IL3 NADEC/NADEC 0.75 
113 UPLOU/NADEC 0.75 
IL3 DISPO/NADEC 0.75 
IL2 NADEC/ROTSL 0.74 
IL2 UPLOU/ROTSL 0.74 
IL2 D1SPO/ROTSL 0.74 
IL2 D1LUT/NADEC 0.71 
IL2 D1LUT/ROTSL 0.67 
1L3 NADEC/ROTSL 0.63 

Release type D 

IL3 STORE/NADEC 0.82 
IL2 NADEC/NADEC 0.82 
IL2 UPLOU/NADEC 0.82 
IL2 DISPO/NADEC 0.79 
IL2 NADEC/ROTSL 0.79 
IL2 UPLOU/ROTSL 0.79 
IL2 STORE/NADEC 0.78 
IL3 NADEC/NADEC 0.76 
IL3 UPLOU/NADEC 0.76 
IL2 D1SPO/ROTSL 0.76 
IL2 STORE/ROTSL 0.75 
IL2 DILUT/ROTSL 0.73 
IL3 DISPO/NADEC 0.73 
IL3 STORE/ROTSL 0.68 
IL2 DILUT/NADEC 0.68 
IL3 D1LUT/NADEC 0.68 

NOACT 0.33 



V.3 Discussion 

The illustrative applications demonstrated that RADE-AID can form a 

useful tool in the determination of decisions on countermeasures. A 

number of aspects of its usefulness were highlighted, and these are 

discussed below. 

The structuring of the problems in terms of the decision hierarchies 

and the identification of factors relevant to the decision helped in the 

thorough exploration of the problem and an explicit consideration of which 

were the key objectives. This meant that when the consequences of taking 

various actions were presented, their significance was more readily 

appreciated and quantified. 

The explicit consideration of all types of consequences and the 

presentation of information relating to them provided useful insights into 

the decision problem. For example, consequences which might generally be 

considered important might be shown to be unimportant for a particular 

accident scenario, or consequences could be identified as being a 

potentially very significant factor in the decision. 

The explicit assigning of weights and values also deepened 

understanding of the decision problem. It encouraged thorough 

consideration of each of the attributes and their relative importance. It 

also required the user to properly assimilate the information provided by 

the consequence predictions, so that meaningful values and weights could 

be'assigned. Thus, this step, again, encouraged deeper insights into the 

decision problem, and therefore, into the best solutions. 

The overall ranking of the countermeasures options, by the system, in 

terms of the expressed preferences of the user, were helpful in two 

respects. First, they often clearly indicated countermeasures options 

which could be excluded from further consideration (ie those at the bottom 

of the ranking order). Second, they triggered re-evaluation of those 

options which were ranked towards the top of the ordering. This was 

particularly important in cases where the initial ranking appeared to be 

counter-intuitive. In this case, re-examination of the problem and the 

weights and values assigned would reveal the reasons for this ordering. 

It was then possible to decide whether the inputs required changing, or 

whether, i~ fact, the ov~rall ranking did, indeed, reflect the relative 

merits of the options. 
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The facilities for exploring the sensitivity of the ranking to the 

assigned weights were found to be particularly helpful. Using these 

displays, it could be clearly seen which inputs were dominating the 

ranking, and those to which the overall ranking was most sensitive. hbere 

the ranking was sensitive to a particular value, the accuracy of the 

prediction leading to the assignment of that value could be assessed and 

conclusions reached concerning the robustness of the evaluation. 

Similarly, where the ranking was sensitive to the magnitude of a 

particular weight, the degree of belief in that weight could be assessed 

and conclusions drawn. Equally, the sensitivity analyses could be used to 

show the range of possible rankings which might reasonably be achieved by 

varying the values and weights within what were judged to be reasonable 

bounds. In this way, options could be identified which would never be 

optimum, and also the range of options which could be reasonably justified 

could be seen. 

VI. CONCLUSIONS 

The choice of the appropriate type and level of intervention aimed at 

mitigating the radiation exposure of the population after radioactive 

contamination of the environment requires a balance to be achieved between 

a variety of competing objectives, whose magnitudes may vary with the 

accident characteristics and whose relative importance may be sensitive to 

political and social value judgements. The radiological decision-aiding 

system, RADE-AID, uses decision analysis techniques to compare and rank 

different intervention strategies considering both directly quantifiable 

factors and also factors of a socio-political nature. By interacting 

directly with the user, RADE-AID can help the decision-maker to explore 

the consequences of and reasons for his decisions. It should be 

emphasised that RADE-AID is not intended to replace the role and judgement 

of the decision-maker. It is intended as a decision-aiding tool, not a 

decision-making machine. Given a decision problem with competing 

objectives, a decision-maker must necessarily assess the consequences of 

various alternatives and value them according to a set of objectives. 

This process may be achieved intuitively or explicitly. The advantage of 

performing the analysis explicitly, using formal techniques is that the 

process is clearly structured and it is less likely that important factors 

are overlooked. Moreover, by indicating which aspects of the problem are 

crucial to the decision and which are not, resources can be channelled 
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more optimally, in terms of obtaining the information necessary for 

formulating the decision. 

One of the important features of the RADE-AID system is that it 

enables trade-offs between the benefits and harmful consequences of taking 

different courses of action to be explicitly addressed and explored. 

These trade-offs are based on the judgement of the decision-maker. They 

depend on the decision-maker's assessment of the relative desirability of 

taking each action, with respect to their consequences, and on the 

relative importance he attaches to each type of consequence. Trade-offs 

are personal; there can be no objective or universal rules for making 

them. However, techniques have been developed within the framework of 

decision analysis for combining the judgements of a group decision-makers, 

or even the general population, if this is considered desirable. 

A prototype version of RADE-AID has been developed, which is 

available to interested institutions on a research basis. In this phase 

of the project, emphasis has been placed on development of an appropriate 

decision logic and procedures for eliciting value judgements and weights 

from the user. Subsequent development will include enhanced facilities 

for presentation of supporting information. 

In order to explore the appropriateness of the RADE-AID decision 

logic, some highly stylised applications have been developed. These 

consider the implementation of relocation (with or without 

decontamination) to reduce external exposure and the imposition of food 

bans to reduce internal exposure. These demonstrated that use of RADE-AID 

can help the user to gain more and deeper insights into the decision 

problem, and so help him determine the appropriate course of action more 

clearly. Equally, areas where improvements in the system would be 

beneficial were highlighted. These were generally aspects of the system 

which had been previously identified for development in the next phase of 

the project. 

Future work will concentrate on the presentation of supporting data 

and extensions to the decision logic and sensivity analysis functions. 

However, the most important aspect of future work will be to discuss the 

application of RADE-AID with decision-makers. If RADE-AID is to be of 

assistance to decision-makers then it is important that its further 

development should be carried out in conjunction with them. In this way, 
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features of the system can be tailored to their requirements and guidance 

on objective hierarchies can be provided to support their valuations of 

the decision problem. 
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A!\TNEX A 

A BRIEF INTRODUCTION TO UTILITY 

Before the coming bf the multi-attribute value techniques Von Neuman 

and Morgenstern developed a theory about the utility of gambles, whose 

basic principles are described here. 

Consider two alternative options a
1 

and a
2

: 

a1: a certain amount of money m, 

a2: an amount of money M1 with probability (1-p) or 

an amount of money M2 with probability p. 

(NB: M1 < m < M
2

) 

The utility of alternative a1 is: U[a1] = U(m); 

the utility of alternative a2 is: U[a2] = ( 1 - p ) U(M1) + p . 
U(M2). 

There will be one probability p* such that the utilities of the two 

options are equal: 

U(m) = ( 1 - p* ) · U(M1) + p* · U(M2) 

The utility is defined on a interval scale and so it is possible to 

choose arbitrarily: 

This means that: 

U(m) = p~': 

The quantity "utility" is not generated in a some way but is in fact 

a input by the decision-maker: when the choice of indifference at 

probability p*, given m, is made. 

For most people the utility function U(m) with M
2 

< m < M2 is not a 

linear function and its trend depends among others things whether you are 

risk seeking or risk averse. 
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Example: 

A player is confronted with several choices concerning a certain amount 

of money m and gamble to receive f10,000.- with a probability p. The 

results are listed in the table. 

m U(m) = p~·: 

0.- 0 
2,000.- 0.35 
4,000.- 0.65 
6,000.- 0.85 
8,000.- 0.95 

10,000.- 1.00 

This means for instance that the player judges a gamble with 35% 

probability of receiving f10,000.- as worthy as receiving f2,000.- for 

sure. An interesting remark is that the expecting outcome of this 

gamble is f3,500.-; this player is obviously risk averse. 

By drawing a smooth curve through the points (U(m),m) the utility 

function can be approximated by a polynomial. 

This utility function can be used to compare uncertain outcomes or 

gambles. For example: does the player prefer gamble A with a 25% 

probability receiving £6,000.- above gamble B with a 75% probability 

receiving f2,000.-? 

U(f6,000.-) = 0.85 

U(f2,000.-) = 0.35 

A: expected utility= 25% * 0.85 = 0.2125 

B: expected utility = 75% * 0.35 = 0.2625 

This player would prefer gamble B. 
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ANNEX B 

EXANPLES OF TRANSFOR~IATION OF RANKS INTO \\'EIGHTS 

According to the rank reciprocal rule the weight for attribute i (W.) 
1 

is calculated as follows: 

1/R. 
1 w. =-......;.;....­

]. 

Example 1: 

n 
! 1/R. 

·-1 J J-

with R., R. = 
1 J 

1,2,3, ... ,n 

n = 4: Ra = 1, Rd = 2, Rc = 3, Rd = 4 
n 

S := ! 1/R. = 1/1 + 1/2 + 1/3 + 1/4 = 25/12 
j=1 J 

w = 1/S = 0.48, a 
wb = (1/2)/S = 0.24, 

w = (1/3)/S = 0.16, 
c 

wd = (1/4)/S = 0.12 

In the rank sum weighing procedure, weights are estimated from: 

(n+1-R.) 
l. w. = __ ___;;;;_ 

l. n with R., R. = 1,2,3, ... ,n 
l. J 

! R. 
j=1 l. 

Example 2: 

n = 4: R = 1, a n 
s := ~ Rj = 1 + 

J 

w = 4/S = 0.40, a 
wb = 3/S = 0.30, 

w = 2/S = 0.20, c 
wd = 1/S = 0.10 

Rb = 2, R = 3, Rd = 4 c 

2 + 3 + 4 = 10 
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Rank exponent weights were developed to take into account the 

decision-maker's judgements about the dispersion of ~eights. 

( n + 1 - R )z 
1 

W. = ---------------
1. n 

! R z 

with R., R. = 1,2,3, ... ,n 
l. J 

'-1 j J-

The exponent z could be estimated for some convenient pair of 

attributes, for example the most and least important; only one judgement 

between a ratio of weights factors is required: 

z = 
log ( W. I W. ) 

l. 

log ( (n + 1- R.) I ( n + 1 - R.) 
l. J 

The exponent z can also be estimated for a simple estimate of a weight 

factor given its rank number, by using the equation 

for W •• 
l. 

Example 3: 

n = 4 & z = 2: R = 1, Rb = 2, R = 3, Rd = 4 
a c 

n 
s := ! R. 2 = 1 + 4 + 9 + 16 = 30 

j=l J 

w = 4 2 18 = 0.53, 
a 

wb = 32 IS = 0.30, 

w = 2 2 18 = 0.13, c 
wd = 1218 = 0.03 
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ANNEX C 

SWING WEIGHTS 

The process of swing weights establishes in a fairly natural way, the 

rank order of the weights, since it rank orders the terms: 

- - + -
V(E1 ,E2 , ... ,Ei , ... ,En) 

While: V(E. ) = 0 
1 

- -V(E 1 ,E2 ' ... ,E. 
1 

- -V(E1 ,E2 ' ... 'E. 
1 

-
' ... ,E 

+ 
' ... 'E 

-
n 

) 

-
n 

) 

-
= L w. V(E. ) = 0 

i 
1 1 

-
= L w. V(E. ) + w. = W. 

i .. j 1 1 1 1 
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ANNEX D 

CROSS-ATTRIBUTE INDIFFERENCE METHOD 
+ -Consider the relative strength of preference between A(E. ,E. ) and 

- - 1 J 
O(E. ,E. ) and compare this with the relative strength of preference 

1 J - + - -
between B(Ed ,E. ) and O(E. ,E. ): is it greater, equal or smaller(?): 

J 1 J 

V(A[E.+,E.-]) - V(O[E.-,E.-]) <> 
1 J 1 J 

V(B[E.-,E.+]) - V(O[E.-,E.-]) 
1 J 1 J 

This expression is identical to: 

-+ While: V(A) = w. V. (E. ) + W. V. (E. ) = w. . 1 + w. 0 = W. 1 1 1 J J J 1 J 1 

- -V(O) = w. Vi(El ) + w. V. (E. ) = w. 0 + w. . 0 = 0 1 J J J 1 J 

-+ V(A) - V(O) = W. - 0 = w. J and analog: 1 1 
-+ V(B) - V(O) = W. - 0 = W. 

J J 

T d h h h E. + . o etermine how muc larger W. is ten W., t e effect score 1s 
1 J 1 

reduced to some intermediate level E. 1 several times until the 
1 

indifference judgements has been made: 

V(C[E. ', E.-]) - V(O[E.-,E.-]) z V(B[E.-,E.+]) - V(O[E.-,E.-]) 
1 J 1 J 1 J 1 J 

This implies that: w .. V(E. I) = w.' 
1 1 J 

W. 
and thus: _1 = V(E. 1

) w. 1 

While: 

1 

V(C) = W. • V.(E. 1
) + W. • V.(E.-) = W. • V.(E. 1

) + W. • 0 
1 1 1 J J J 1 1 1 J 

= W. · V. (E.') 
1 1 1 

V(O) = W. • V. (E.-) + W. • V. (E. ) = W. • 0 + W. • 0 = 0 
1 11 J J J 1 J 

-+ V(C) - V(O) = W. · V (E ') - 0 = W. · V.(E. '), and analog: 1 1 1 1 

-+ V(B) - V{O) = W. - 0 = W. 
J J 
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Example: 

Consider you want to buy a car, and you think the relevant attributes 

are cost and comfort. The acceptable range for cost has been estimated: 

$ 20,000 - $ 22,000. The acceptable range for comfort has four 

categories: fair, indifferent, good and excellent, whose values are 

equally spaced: 0, 1/3, 2/3, 1. 

In general you think that cost is much more important than comfort. 

However, in this case you feel that the relative strength of preference 

between combinations A and 0 is greater than the relative strength of 

preference between the combinations B and 0. 

V(A[excellent, $22,000) - V(O[fair, $22,000) > 

V(B[fair $20,000) - V(O[fair, $22,000) 

This means obviously that given the set of alternative cars, the weight 

on comfort is larger than on cost. 

After some extra examinations you feel that the relative strength of 

preference between combinations C and 0 is comparable with the relative 

strength of preference between the combinations B and 0: 

V(C[good, $22,000) - V(O[fair, $22,000) z 

V(B[fair, $20,000)- V(O[fair, $22,000). 

This means that: wcomfort . Vl(good) = wcomfort . ( 2 I 3 ) 
= w . 1 

cost 
~ W /W = 3/2 comfort cost 

After normalisation: W = 0.60 and W = 0.40 comfort cost 

Assuming a linear value-function for cost, a car X which costs $21,000 

and has a comfort estimated as "indifferent", will be valuated as: 

V(X) = 0.6 · v1(indifferent) + 0.4 · v2($21,000) 

= 0.6 . (1/3) + 0.4 . 0.5 

= 0.4 
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ANNEX E 

RELATING ~~IGHT FACTORS TO THE SET OF ALTERNATIVES 

Consider the following transformations: 

V' .. 
l.J 

W'. 
l. 

V'. 
J 

v .. 
l.J 

R. 
l. 

M. 
l. 

= (V .. - M.)/R. 
l.J l. l. 

= W.·R./L W. ·R. 
l. l. • l. l. 

l. 

= L W'. ·V' .. 
i l. l.J 

= value of i - the attribute for alternative j 

=range V .. in attribute i over the set of alternatives 
l.J 

(j: 1->n) to be evaluated 

=minimum value of V .. over those alternatives in 
l.J 

attribute i 

V. =overall value of alternative j 
J 

M. =V.(E-)+--+-V'. =0 
l. l. l. 

M. + R. = V.(E+) +--+- V'. = 1 
l. l. l. l. 

E+ = best level effect score 

E = worst level effect score 

The transformed weights W'. will not be the same as W., but they can 
l. l. 

be normalised and summed to 1. 

It is easy to show that V'. is a linear transformation of V., so if V 
J J 

is a value-function then V' is also a value-function. The transformed 

value-function V' is as appropriate for decision making as the original 

was. The effect of the transformation is to put all of the scaling 

information into the W'. at least as it applies to the set of alternatives 
l. 

at hand. 

An appropriate elicitation procedure would find out whether the 

transformed weight factors W'. are satisfactory. If they still are, 
l. 

either the values U'. or U.can be used. If not, the decision-makers can 
J J 

revise the ratios until they are again satisfied. 
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The formulas demonstrate clearly ~eight's dependency on the range of 

the attribute: 

W'. = W. ·R. I i W. ·R. 
1. 1. 1. i 1. 1. 

Expanding the scale: R. -+ 00 then W'. -+ 1 
1. l. 

Shrinking the scale: R. -+ 0 then W'. -+ 0 
1. l. 

So, if the actual range of the attribute is small, changes in the 

corresponding effect score will have minor influence on the overall 

valuation of the alternatives, despite a high importance of that 

attribute. 

Example: 

Natural scale E1 : 

Plausible scale E2 : 

0 -+ 10.000 Weight: w1 = 0.4 

0 -+ 100 Weight: W2 = 0.6 

Range E1 alternatives at hand: 

Range E2 alternatives at hand: 

Transformed weights: 

5500- 6000-+ V1: 

20 - 95 -+ V
2

: 

w' := o.4 · c o.5 - o.4 ) 
1 0.4 . ( 0.5 - 0.4 ) + 0.6 . ( 0.8 - 0.5 ) 

= o.18 .... w'
2 

:= o.82. 
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ANNEX F 

AGGREGATION OF HIERARCHICAL ATTRIBUTES 

When using the linear additive mode, the aggregation of 

hierarchically constructed attributes goes step-wise. First the values of 

the lowest intermediates are calculated, then the next higher 

intermediates, until finally reaching the top intermediate: "goal". 

Referring to the hierarchy in Figure III.3: 

V(E) - V(goal) = W 
6 

V(I1) = w1 · V(E1) + w2 · V(E2) + w3 · V(E3) 

V(I
2

) = w
4 

· V(E
4

) + w
5 

· V(E
5

) 

1 = w 1 + w2 
1 = w 3 + w4 + ws 
1 = w 6 + w7 
(NB: These weight factors correspond to childs of one 

parent: "local" weight factors.) 

The construction of a hierarchy of attributes is a very helpful 

instrument, and furthermore it does not affect the linear additive 

aggregation model. The final outcome is not dependent on the way the 

hierarchy is structured. After a normal substitution of "intermediary" 

equations, the result is: 

V(E) = w6 · w1 · V(E1) + w6 · w2 · V(E2) + w6 · w3 · V(E3) + 

w7 • w4 · vcE4) + w7 • w5 · V(E5) 

= W1 ' , V(E1) + W2 ' · V(E2) + w3 ' · V(E3) + w4 ' · V(E4) + W5 ' · 

V(E
5

) 

5 
= r 

i=1 
W, I 

1 
· V(E.) 

1 

(NB: The ~1eight factors W.' are called "global" weight 
1 

factors; they relate the endpoints to the overall valuation 

(goal).) 

• 127 • 





ANh~X G 

DETAILED DESCRIPTION OF THE FUNCTIONS PRESENTLY IMPLEMENTED IN RADE-AID 

G.l Options for Presentation of an Accident Scenario 

For the presentation of an accident scenario involving food 

contamination, the following major options are available: 

- presentation of general data on the area involved; 

- presentation of data on the area, dependent on countermeasures; 

-presentation of data on costs; 

- presentation of general data on health effects; 

- presentation of data on health effects, dependent on 

countermeasures. 

The presentation of general data on the area involved includes the 

presentation of: 

the maximum distance for food bans; 

- the potential area with a ban duration between point of time T. and 
1 

Ti+l; 
- the potential area with a ban duration greater than or equal to a 

point of of timeT.; 
1 

- the time-integral from 0 toT. of the potential area; 
1 

- the production area with a ban duration between point 

and- Ti+l; 

of time T. 
1 

- the production area with a ban duration greater than or equal to a 

point- of timeT.; 
1 

- the time-integral from 0 toT. of the production area; 
1 

-the yield with a ban duration between point of time Ti and Ti+l; 

- the yield with a ban duration greater than or equal to a point of 

timeT.;- the time-integral from 0 toT. of the yield. 
1 1 

The presentation of data on the area (dependent on the 

countermeasure) includes the presentation of: 

- the amount of yield to be stored; 

the size of the production area with a ban time greater than or 

equal to one year not submitted to the removal of the top soil 

layer; 

- the amount subject to the countermeasure. 
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The presentation of data on costs involves the presentation of 

several categories of costs (for instance disposal of the soil, cost of 

labour, and others). 

The presentation of general data on health effects includes the 

presentation of: 

theoretical maximum dose from ingestion; 

- the area with a potential dose; 

- the reference collective dose. 

The presentation of data on health effects (dependent on a 

countermeasure) includes the presentation of: 

- effective doses saved; 

- thyroid saved. 

For a detailed description of the data used for presentation refer to 

Annex I (Table I.8). 

G.2 Options for File Manipulation 

For the manipulation of files and the use of functions related to the 

operating system, the following options are available: 

- loading of a file; 

- definition of a new file; 

- saving of a file; 

- changing of a directory; 

- returning temporarily to the operating system; 

- leaving RADE-AID. 

G.2.1 Loading a file 

If the user wants to use (a part of) an existing file, this option 

allows for the definition of such a file. The user is asked to supply 

RADE-AID with the name of the file. 

G.2.2 Defining a file 

The definition of a new file (the file contained no data yet) is 

equal to loading an empty file. 
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G.2.3 Saving a file 

This option allo~s the user to save a file after the definition of a 

new file or the alteration of an existing file. 

G.2.4 Changing a directory 

This option allows the user to change his/her directory without 

leaving RADE-AID. In this way it is possible to search for specific 

files. The option is not yet implemented in RADE-AID. 

G.2.5 Returning to the operating system 

This option allows the user to leave RADE-AID temporarily to perform 

actions outside RADE-AID. Upon return to RADE-AID the status of the 

program will be completely restored. This option is not yet implemented 

in RADE-AID/D. 

G.2.6 Leaving RADE-AID 

This option leaves the RADE-AID system. 

G.3 Options for Manipulation of Attributes 

For the manipulation of attributes the following options are 

available: 

- display of attributes; 

- addition of attributes; 

- modification of attributes; 

- deletion of attributes; 

- movement of attributes. 

G.3.1 Display 

This option allows the user to check the current hierarchy of 

attributes; the picture was shown in Figure IV.7. Modification of the 

hierarchy is not allowed. 

G.3.2 Addition 

This option the user to add attributes at any point in the hierarchy 

(as well as intermediate endpoints). By pointing to the proper point, it 
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is selected. A name for the attribute ~ill be asked and the hierarchy 

~ill be re-arranged accordingly. 

G.3.3 Modification 

This option allows the user to modify the hierarchy of attributes. 

Modification may be considered as first deleting and then adding an 

attribute (refer to Sections A.3.4 and A.3.2). 

G.3.4 Deletion 

This option allows the user to delete an attribute. An attribute in 

the hierarchy is selected by cursor movements. Endpoints are deleted 

immediately; when immediate points are deleted, all points below it in the 

hierarchy are also deleted. 

G.3.5 Movement 

Moving a point (or several points) in the hierarchy allows the user 

to re-arrange the hierarchy. 
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ANNEX H 

THE PREDICTION OF EFFECT SCORES FOR THE EXTERNAL EXPOSURE 

COUNTERMEASURES APPLICATIONS 

The levels of ground contamination predicted to occur as a result of 

the two accidents, were determined using the recommendations of a UK 

Working Group on Atmospheric Dispersion(!). The atmospheric dispersion 

model used was a straightline gaussian model, modified to take account of 

the dry deposition of radionuclides, using a deposition velocity. 

Constant Pasquill Category D atmospheric conditions, without rain, were 

assumed. The assumptions used are summarised in Table H.l. No allowance 

was made for site specific factors which might have resulted in different 

patterns of contamination around the two sites. 

The external doses which would result from these levels of ground 

contamination were predicted using the model described in reference( 2), 

assuming individuals to be permanently outdoors. This assumption clearly 

gives an overestimate of the external dose, but the authors considered it 

likely that relocation criteria would incorporate such an assumption. 

The collective dose received by decontamination workers was 

calculated based on estimates of the man-hours required to undertake the 

decontamination of an area( 3). It was assumed that workers completed 

their decontamination of one area before commencing work in a new one. 

Therefore they can be assumed always to be exposed at the dose-rate 

existing in an area prior to the decontamination being carried out. For 

the purposes of the (highly stylised) illustrative applications, the 

simplifying assumption was made that the decontamination work was 

initiated immediately after the people were relocated from the area, and 

was completed within the first year. The collective dose to the workers 

was therefore calculated by multiplying the dose rates integrated over the 

first year for each area, by the man-hours required for the 

decontamination of that area, and then summing over the total area. 

The model used for calculating the monetary costs resulting from the 

implementation of countermeasures has been developed under the MARIA 

programme( 4). The monetary costs were divided into two categories, 

intervention costs and indirect costs. The intervention costs comprise 

the costs of transporting the individuals away from (and back to) the area 

and the costs of decontamination. The indirect costs considered were 

those for production losses, costs associated with lost services and 
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capital stock, loss of consumer durables, and empty housing. The monetary 

costs which would be saved, resulting from the reduced population health 

risk, were subtracted from the total indirect monetary costs. This model 

is described in detail in reference 4. The values of the parameters used 

in the illustrative applications are listed in Table H.2. 

References 

1 Clarke, R H, The first report of a Working Group on Atmospheric 
Dispersion. A model for short and medium range dispersion of 
radionuclides released to the atmosphere. Harwell, NRPB-R91 (1979). 
(London, HMSO). 

2 Crick, M J and Dimbylow, P J, GRINDS - a computer program for 
evaluating the shielding provided by buildings from gamma radiation 
emitted from radionuclides deposited on ground and urban surfaces. 
Chilton, NRPB-M119 (1985). 

3 Tawil, J J, Bold, F C, Harrer, B J, and Currie, J W, Off-site 
consequences of radiological accidents: methods costs and schedules 
for decontamination. NUREG-CR-3413, PNL-4790, Pacific Northwest 
Laboratory (1985). 

4 Haywood, S M, Robinson, C A, Heady, C, COC0-1: A model for assessing 
the cost of off-site consequences of accidental releases of 
radioactivity, NRPB report, to be published. 
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Table H.l 

Dispersion and Release Parameters Assumed for Control of External 

Exposure Applications 

Pasquill Category D 
Windspeed 5 m/s 
Mixing Layer Depth 800 m 
Rainfall 0 

Release Height 10 m 
Release Duration 30 mins 

Deposition Velocity 10- 2 m/s 
for isotopes of iodine 

Deposition Velocity 10- 3 m/s 
for other radionuclides 

amount released 

I-131 3.4 1016 
I-132 5.0 1016 
I-133 6.8 1016 
I-134 7.8 1016 
I-135 6.4 1016 
Kr-88 2.3 1016 
Cs-134 3.9 1015 
Cs-137 2.3 1015 
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Table H.2 

Economics Data used for Control of External Exposure Applications 

1) Site B 

Transport 

Capital Value 
of Stock 

Consumer Durables 

Production Loss 

Dwellings 

Land 

2) Site A 

Transport 

Capital Value 
of Stock 

Consumer Durables 

Production Loss 

D~rellings 

Land 

For Both Locations 

Stock Depreciation 
Rate 

Consumer Durables 
Depreciation Rate 

Dwellings Depreciation 
Rate 

Real Interest Rate 

Decontamination Cost 

Urban Land 

Rural Land 

£3.0 I Person-Journey 

£9,500 I Person 

£1,708 I Person 

£5,389 I Person 

£11,118 I Person 

£3.0 X 10 5 I km 2 

£3.0 I Person-Journey 

£8,600 I Person 

£1,151 I Person 

£4,991 I Person 

£11,917 I Person 

£2.4 x 10 6 I km 2 

£3.0 x 10 6 I km 2 
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ANNEX I 

THE PREDICTION OF EFFECT SCORES FOR THE GRAIN 

COUNTERMEASURES APPLICATIONS 

This annex describes the modelling used to predict the effect scores 

for the illustrative applications of RADE-AID for countermeasures against 

contamination in grain. It begins with a general discussion of the 

factors involved in determining that concentrations in grain exceed 

certain levels, and then it describes in detail how the relevant effect 

scores were calculated. 

The models and data used are based mainly on the information given in 

references 8 and 9. 

I.1 Model for the Decisions About Foodbans 

For a given foodstuff, the total activity per unit amount of the 

foodstuff 1 which comes from radionuclides belonging to some nuclide ban 

group, is calculated in a given grid element under the assumption, that 

the foodstuff is produced in the grid element. The ratio between this 

activity sum and the intervention level for the foodstuff and nuclide 

group under consideration determines the decision about foodbans: 

(Equ. !.01) 

AF(f;g,N,t) { 2!: 1 for any N: food ban = yes 
R(f,g,N,t) = 

IL(f,N) < 1 for all N: food ban = no 

with 

AF(f,g,N,t) = I 
n€N AF(f,g,n,t) 

and AF(f,g,n,t) = AFG(f,n,t)•AG(g,n) 

where f foodstuff 
g grid element 
N nuclide group for banning 
n radionuclide belonging to group N 
t time 

AF 
AFG 
AG 
IL 

activity per unit amount of foodstuff (Bq (unit amountl- 1 

activity per unit amount and deposit ((Bq (unit amount - 1 /(Bq 
activity initially deposited on ground (Bqa m- 2

) 

intervention level (Bq (unit amount)- 1
) 

Also referred to as "activity (level) in the foodstuff", "activity 
concentration" (for amount=volume) or "specific activity" (for 
amount=mass). 
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A foodban is assumed to be introduced at the first time where R ~ 1 

for any N ("ban on"). Dependent on the date of the accident and the 

foodstuff, there may be a delay between the introduction of a ban and the 

time of the accident (see Fig. I.01). The time zero for the 

introduction of grain bans is always the time of the 1st harvest after the 

accident. 

To estimate the duration of a foodban, for 10 discrete times after 

the introduction of the ban it is asked if R < 1 for all N ("ban off"). If 

this 

is so, the ban is assumed to be withdrawn and the ban duration is taken to 

be the timespan between the introduction and the withdrawal of the ban 2 • 

All results referring to the ban duration are given parameterized 

with respect to the ban duration as defined above together with the 

offset. 

Fi~ure I.01: 
Times scales 1n the foodban-model 

accident ban on ban off 

I 
t time after "ban on", t 

0 off 

0 
time after accident, T 

ON OFF 
<--offset--> <--ban duration--> 

The 11 time points (including t=O), the resulting ban durations and 

the end of foodbans are given below. No decision can be made between two 

time points; it is conservatively assumed that the ban is withdrawn at the 

upper end of the corresponding time interval. If the intervention level 

is exceeded for the last time point, it is assumed that the ban is never 

lo.rithdrawn. 

2 If the condition "ban on" is again encountered afterwards (this can 
happen e.g. for milk), the bantime is taken to be the timespan between 
the first "ban-on"-time and the last "ban-off"-time found. 
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Table I.Ol: 
Basic foodban time matrix 

time after introduction of bans duration end of 
---------------------------------------------------- of bans bans 
0 d 7d 30d 90d 180d la 2a Sa lOa 20a 50 a 

N N N N N N N N N N N 0 a 

----- ------------------------------
y N N N N N N N N N N ~ Od < 7d 7 d 
y y N N N N N N N N N ~ 7d < 30d 30 d 
y y y N N N N N N N N ~ 30d < 90d 90 d 
y y y y N N N N N N N ~ 90d < 180d 180 d 
y y y y y N N N N N N ~ 180d < la 1 a 
y y y y y y N N N N N ~ la < 2a 2 a 
y y y y y y y N N N N ~ 2a < Sa 5 a 
y y y y y y y y N N N ~ Sa < lOa 10 a 
y y y y y y y y y N N ~ lOa < 20a 20 a 
y y y y y y y y y y N ~ 20a < 50 a 50 a 
y y y y y y y y y y y ~ 50 a 00 

I.2 Production Model for Grain 

In our climate, grain is sown in late autumn (winter seed) or early 

spring. After germination, the plants remain in an idle state up to some 

time late in spring, when they start to grow rapidly. After reaching 

their full height they sease to grow, and the corn ripens. Finally, at 

the end of summer, the grain is harvested and the agricultural production 

cycle begins anew(l). 

The specific activities at different time points were estimated with 

precalculated activities per unit mass and deposit (see Equ. I.Ol) 

obtained from a dynamic foodchain transport (FCT) model. The data used 

were derived from data calculated with the German FCT-model ECOSYS( 2) 

provided from the GSF for the German Risk Study - Phase B (see also 

Section 1.5). 

In the FCT-model it is assumed, that for the first two years after 

the accident the grain is produced once per year and that each crop is 

consumed up to the next harvest. During this time span, the contamination 

level decreases only by radioactive decay. For later times, continuous 

production and consumption is assumed. Allowance is made for processing 

losses, mainly for removing the chaff from the corn. 

The times assumed in illustrative examples for the production of 

grain are shown in Table 1.02. The time for the introduction of grain 

bans, i.e. the time of the 1st harvest after the accident, is taken to be 

on August 15. 
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no plants on field: 
seed on field: 
begin of gro"rth: 
harvest period: 

Table !.02: 
Production cycle for grain 

1.09. - 1.10. 
1.10. - 31.03. 
1.04. 
1.08. - 31.08. 

The predicted time dependence of the activity levels per unit deposit 

of I-131 and Cs-134 (radioactive half lives of = 8 d and 2 a, 

respectively) in grain after a release on July 1st can be seen in Figure 

!.02. The curve for I-131 falls off steeply because its radioactive half 

life is short in comparison to the time scales involved. For Cs-134 one 

observes an abrupt decrease of the curve after the first harvest. This is 

so because the accident was assumed to occur during the growing season of 

grain, so that the contamination of the first year's crop is mainly caused 

by direct deposition, which is a much more efficient means to transfer the 

activity to the plants than root uptake, which dominates in the following 

years. 

!.3 Models used for Action Alternatives 

NOACT - No action 

Description Grain is produced and distributed for human consumption 

regardless of the accident. 

By definition, this is a global action, i.e. it holds for all grid 

elements. 

UPLOU - Plough under 

Description Grain plants present on the field are ploughed conventional 

farm ploughs. Since conventional ploughing is part of the standard 

agricultural practice and can be carried out by local agricultural 
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Figure I.02: 
Example for the estimated time dependence of the activity levels in grain 

per unit deposit of I-131 and Cs-134 for a release on July 1st 
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workers, the effort and costs associated with carrying out the action are 

relatively low. 

Assumptions 

1. The first crop is always lost in the affected grid elements. 

2. It is likely that the action cannot be carried out when the plants 

are fully grown, because then much biomass is left on the field. A 

suggestion for a time interval during which the action is assumed not 

to be possible is given in Table I.3. 

DISPO - Disposal 

Description In the areas with foodbans, the plants will be removed from 

the fields and then treated as low level radioactive waste. 

STORE - Storage 

Description The grain from areas affected by foodbans is harvested and 

subsequently stored with the aim to reduce the contamination level by 

radioactive decay to such a degree, that the intervention level is not 

exceeded for any nuclide group N. 

From practical considerations, two methods of carrying out the action 

are conceivable: 

(1) Grain from grid elements with foodbans and about the same estimated 

storage time (and thus about the same specific activity) is stored 

together for the corresponding time period. 

The storage times ts are then simply the ban times determined for 

each grid element: 

(Equ. I. 2-1) 

IL(N) < AF/g,N,ts(g)) for all N 
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(2) Grain from all grid elements with foodbans is stored together for the 

time ts' determined by the average specific activity of the resulting 

" . . " gra1n m1x : 

IAF(g,N,ts')•P(g) 
g 

IL(N) < -------
IP(g) 
g 

(Equ. !.2-2) 

for all N 

where g represents the grid elements with foodbans, AF the specific 

activities in grain as defined in Equ. I.l, and P the amount of grain 

produced in a grid element per harvest; the index f for the foodstuff 

"grain products" has been omitted. 

Method (2) is probably easier to be carried out. However, if a 

significant fraction of the harvest would be affected by grain bans, 

method (1) may have the advantage that parts of the harvest could be 

reused more quickly. 

Assumptions 

1. The possible storage times are evaluated for the same discrete time 

points as the bantimes (see Table I.l). 

2. If the objective cannot be achieved within some time period, grain 

will not be stored. The assumed upper limit for the storage time is 

given in Table I.3. 

DILUT - Dilution 

Description Grain with a specific activity above the IL is mixed with 

uncontaminated or less contaminated grain until the specific activity of 

the mixture does not exceed the IL (bringing a benefit only to 

individuals, no collective dose is saved). 

For a given nuclide group N, the amount P' of uncontaminated grain 

required to dilute the amount P of grain with a specific activity AF at 

harvest time down to to the intervention level can be calculated by: 
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with 

then 

AF'(n'O) = IL(N) 

AR'(N,O) _ AF(N,O) • P(N) 
- P (N) + P 1 (N) 

P'(N) = (R(N,O) - 1) • P(N) 

(Equ. I. 3) 

(from Equ. 1.01 with R = 1) 

(with R(N,O) from Equ. 1.1) 

The amount required is the maximum found for any nuclide group N: 

Pd = max(P' (N)) 

The indices representing the foodstuff "grain products" and the grid 

element, f and g, respectively, were omitted in Equ. I.3. 

As it was the case for the action STORE, two methods of carrying out 

the action are conceivable: 

1. Grain from all grid elements with foodbans and about the same 

activity levels is diluted with the amount of uncontaminated grain 

determined by the corresponding specific activity. 

2. Grain from all grid elements with foodbans is diluted with the amount 

Pd determined by the average specific activity of the resulting 

" . . " gra1.n m1.x . 

The total amount required for dilution is the same for both 

methods.:ehp1. However, if this amount is large, it might be desirable to 

dilute only the less contaminated fractions of the crops, and dispose of 

the rest. 

Assumptions 

1. Only uncontaminated grain is used for dilution. 

2. In practice, dilution will possibly only be carried out if the 

contamination of the harvested grain stays "about constant" with 

time. Therefore, this action type is eliminated in KFKGRA when the 

ban times in all grid elements are shorter than 90 d. If this is not 

so, dilution will be taken into account for all grid elements, 

independent of the ban times. 
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NADEC - Natural decontamination of the soil 

Description Areas affected by bans are left fallow for the estimated ban 

duration. 

Any existing grain may be left on the fields to rot or to be and 

harvested and subject to other actions. 

Assumptions 

1. Time-dependence of specific activity in grain from second harvest 

onwards is always calculated under the assumption that the first crop 

was harvested. 

ROTSL - Removal of the top soil layer 

Description Removal of top soil layer and disposal of removed soil. About 

90% or more of the the activity is removed. 

Action does not need to be carried out very fast on most soils; a 

time span of one year after the accident can be considered as an upper 

limit. 

Land is immediately usable for agriculture after treatment. However, 

especially for poor soils, loss of nutrients can reduce the productivity 

or require the application of fertilizers. 

Impossible or doubtful results for shallow, stony soils, for wet, 

peaty soils, for clay soils (when wet: material sticks to the blade; when 

dry: soil becomes very hard); when crops are cultivated in ridges (e.g. 

potatoes); when firm plants are present on the fields (e.g. sugar beets, 

maize stubble etc.). 

Standing crops must not be removed from the field before carrying out 

the action. 

Required equipment: scrapers, road graders, bulldozers etc. 

Assumptions 

1. If in a grid element the activity remaining after the action is such 

that the IL is still exceeded for grain at the time of the second 

harvest, i.e. if (f * AF(g,N,1)) &ge. IL(N) for any N, the action 
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will not be carried out in the grid element (f is the fraction of the 

initial deposited activity remaining after the action, see Table 

!.3). 

2. Action is always physically possible for areas where grain is grown. 

3. Operation time for (human operator + machine) is 8 h/d and 5 d/w. 

This, together with the theoretical rate per piece of equipment gives 

the effective decontamination rate for one single pass (machine + 

human operator) given in Table !.3. 

4. The first crop is always lost in the affected grid element. 

Table !.3: 
Data used in grain action models 

UPLOU - Plough under 

action not possible 01.07.-31.08 

STORE - storage 

max. allowed storage time 1 a 

DILUT - dilution 

AF about constant over 90 d in all grid elements 

ROTSL - removal of top soil layer 

theoretical rate per equipment 
operation hours per year 
effective rate per equipment 
fraction of initial activity 
remaining (fr) 
removed soil per em depth 
average depth 

(rate and efficiency for single pass) 

!.4 Calculatiqn of Results 

5-10 10- 4 km 2 /h 
2080 h/a 
1-2 km 2 /a 
0.1 

10• 4 m3 /(km 2 cm) 
5 em 

"switch" 

"switch" 

"switch" 

"switchn 

In this Section, g stands for any grid element with foodbans, A 

for the radioactive decay constant C(a- 1
)), i for the i'th position in the 

- 146 -



ban-array ~ith ti being the corresponding time from Table !.1 (all 

converted to (a)), N for a nuclide ban group, and n for an individual 

radionuclide; if not explicitely referring to a given N, n means any 

radionuclide. 

!.4.1 Grid element data 

In each grid element, the following grid-dependent data are known: 

• the total area of the grid element, (km 2
) 

• the production rate PRof grain in the grid element (kg a- 1
) 

• the activity in grain per unit mass, AF(g,n,t) and AF(g,N,t), 

calculated with Equ. 1.01 for the times t=ti under the assumption 

that grain is produced in the grid element, (Bq kg- 1
) 

• the ratio R(g,N,t) for the times t=ti calculated with Equ. !.1 under 

the assumption that grain is produced in the grid element 

• the end of foodbans tb calculated under the assumption that grain is 

produced in the grid element, (a) 

For the production rate of grain, at present the 100 km &times. 

100 km CEC-grid from reference 3 is used. The spatial resolution of this 

grid is inadequate for RADE-AID/D, but no other data were available. The 

total annual production in a given grid element, PR, is equal to PR. 

times 1 a. The corresponding production area, PA, is obtained by dividing 

PR by an average production yield of 5.0 E+5 (kg km- 2 ), which was derived 

from German agricultural statistics data( 1). 

!.4.2 General information about the situation (independent of AAs) 

In this Chapter, Q stands symbolically for any of the quantities 
II '1 II It d • II II d It potent1a area , pro uct1on area or pro uce . 

Potential area [km 2 ] I production area [km 2 ] I produce [kg) with bans for 

tb ~ ti for given IL 

QC(tb ~ t.) = 
1 2 

g(tb ~ t.) 
1 

(Equ. !.4) 

Q(g) 

QC(tb~O) under the condition that foodbans = yes for t = 0 is the initial 

quantity. 
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Time integral from 0 to ti of production area [km 2 a) I produce (kg a] for 

given IL 

(Equ. I.S) 

TIQ(O) = 0 for i = 1 

TIQ(t.) = TIQ(t. 
1

) + QC(tb~t. 
1

) x (t. 1) x (t.-t. 1) for ~ 2 
1 1- 1- 1- 1 1-

!.4.3 Public health 

In the following, G(a,n,o) stands for the dose-per-unit-intake factor 

for an individual belonging to some age group a, for radionuclide n and 

for organ/tissue (or effective dose) o. 

!.4.3.1 Collective dose saved 

The collective dose saved by an action alternative is calculated by 

multiplication of the collective intake saved with a dose-per-unit-intake 

factor ("production method"). The collective intake saved is taken to be 

the total activity contained in the grain produced in the affected area, 

which was not distributed for consumption for the duration of the bans. 

As an approximation, the collective dose saved is calculated with 

committed-dose-per-unit-intake factors for adults; the values used were 

derived from data provided by the GSF for the German Risk Study -
Phase( 4 ,S). 

Table I.4 summarizes the collective dose saved for the different 

action alternatives. In the table, Cl, CF, ClSMl and C1SM2 stand for one 

of the following expressions: 

Collective dose saved by not distributing the total first crop 

(Equ. I.6-1) 

Cl(o) = ~ 2 (G(n,o) x PR(g) x J:dt AF(g,n,t)) 

Collective dose saved by not distributing the first crop for a given time 

period ts(g)=tb(g) - STORE Method 1 
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C1SM1(o) = ~ 2 lG(n,o) x PR(g) x (1 - e 

AF(g,n,t)) 

(Equ. !.6-2) 
1 

(-A(n)tb(g)))x J dt 

0 

Collective dose saved by not distributing the first crop for a given time 

period 

ts' -STORE Method 2 (not yet realized) 

C1SM1(o) = ~ 2 (G(n,o) x PR(g) x (1 - e 

AF(g,n,t)) 

with ts' from Equ. A.Ol-2. 

(Equ. !.6-3) 
1 

(-A(n)tb(g)))x J dt 

0 

Collective dose saved by not distributing all crops from second harvest 

onwards 

up to time tb: 

(Equ. !.6-4) 

CF(o) = ~ 2 (Gn(o) x PR(g) x J:bdt AF (g,n,t)) 
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Table I.4: 
Contributions to the collective dose saved by action alternatives 

Ban duration 
------------

AA ~0 < 1a ~ 1a 

NO ACT 0 0 

NADEC/NADEC C1 C1 + CF 
NADEC/ROTSL C1 R1 (R<fi) C1+CF (R~fi) 1) 

UPLOU/NADEC C1 C1 + CF 
UPLOU/ROTSL C1 Rl (R<fi) Cl+CF (R~fi) 1) 

DISPO/NADEC C1 C1 + CF 
DISPO/ROTSL C1 R1 (R<fi) I Cl+CF (R~fi) 1) 

STORE/NADEC C1SM1IM2 C1 + CF 2) 
STORE/ROTSL C1SMliM2 R1 (R<fi) C1+CF (R~fi) 1) 

DILUT/NADEC 0 CF 
DILUT/ROTSL 0 R1 (R<fi) I C1+CF (>fi) 1) 

Notes 

1) For R < fi, it is assumed that the area will be re-used for grain 
production after the first year: Rl = Cl + (1-fr) CF, with fr being the 
fraction of the initial deposited activity remaining after ROTSL with the 
default value given in Tab. 3.02, and fi = 1 I fr. - For R ~ fi, NADEC is 
assumed (see note {3) in Chapter 4). 

2) DISPO is assumed instead of STORE here - see Section I.3. 

!.4.3.2 Reference collective dose 

The collective dose in areas affected by foodbans for a given IL 

calculated under the assumption that the foodban is ignored for the 

bantime, is the maximum value of collective dose which can be saved up to 

the end of the foodbans by any AA. This quantity is therefore used as a 

reference value for the collective dose saved by an action alternative to 

provide a measure for the efficiency of the AA: 

(Equ. I. 7) 

CDR(o) = ~ 2 (G(n.o) x PR(g) x J:bdt AF(g,n,t)) 
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The total reference collective dose can be split up into different 

components with respect to the time of ingestion, e.g. a part coming from 

ingestion in the first year (integrating to tb for grid elements with 

tb < 1 and to 1 for grid elements with tb~l) and a part coming from 

ingestion in the following years (integrating from 1 to tb for all grid 

elements with tb~l). 

!.4.3.2 Individual dose 

By definition of the intervention level, for a given IL the maximum 

committed dose which an average member of a critical group in the 

population could receive from ingestion of a foodstuff in any one year 

during the bantime, is the dose he or she would receive when consuming the 

food with an activity level just about equal to the intervention level for 

each of the nuclide ban groups. In the following, this quantity is called 

TMID (theoretical maximum individual dose). 

Since the ILs are defined for groups of nuclides, which may consist 

of nuclides with a different radioactive half life, the value of TMID may 

change with time, when the composition of the nuclide group changes. By 

the same reason, TMID can depend on the distance to the site. However, 

this effect is rather small for the radionuclides and distances considered 

in RADE-AID/D and is neglected, i.e. in KFKGRA TMID is calculated only in 

one grid element near to the site. The possible variation with time is 

accounted for by calculating the values in the first, second and eleventh 

year in the following way: 

for the first year 

TMID(a,o,l) = CR(a) x 2 2 2 (G(a,n,o) 

N l€N i 

AF(g,n,t)J 
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ti+1 
x f(N, t )ix J dt 

t. 
1 



for any of the following years: 

with 

TM1D(a,o,t.) 
~ 

= CR(a) x ~ l (G(a,n,o) x f(N, t { x 

Af(g,n,t) )

n€N 

(Equ. 
t.+1 

f 
~ 

dt 
t. 
~ 

1.8-2) 

11 
f(N,t.) = -AF~(~--:-N-~) 

~ g, ,t. 
with AF(g,N,ti) from Equ. 1.1 

~ 

CR are the age dependent consumption rates, the values currently used 

are ((kg a- 1
)): 15 {0 a), 53 (1-4 a), 83 (5-9 a), 98 (10-14 a), 120 

(15-19 a), 143 (~20 a). These values were derived from the average values 

for the FRG given in(5) by multiplying each value with 1.5 to account for 

a higher than average consumption. 

TM1D is calculated for all six different age groups, the critical 

group is then, by definition, the group receiving the highest dose. - For 

the action alternative "No Action", TM1D is infinity by definition. 

Another useful quantity may be the maximum committed individual dose 

saved found in any of the grid elements, i.e. the highest dose which is 

calculated for an average member of a critical group in the population 

consuming a foodstuff over the given ban duration. This quantity is given 

for for the six age groups above using activity-dose-coefficients, which 

take into account that an individual ages as time goes on after the 

accident(lO). 

1.4.4 Practicability 

Areas subject to AA 

For all AAs which do not contain ROTSL (AAY): The initial area 

from Equ. B.01 calculated under the condition that the primary action 

types are possible. -For AAs containing the ROTSL component (RAY): 

The initial area from Equ. B.01 calculated under the condition that ROTSL 

is possible, i.e. 

(Equ. 1.9-1) 

RAY = L PA(g) 
g(tb~laAR<fi) 
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In addition, for ROTSL the part of the area Al, for which the primary 

action type foreseen for the first year is possible (RAYAl), and the parts 

of the areas A2 for which ROTSL is not possible (RANA2) is calculated as a 

function of time, i.e. 

RAYA1 = L PA(g) 
g(tb<laAATl=yes) 

RANA2(tb ~t.) = 
1 I g(tb~1aAR~fi)PA(g) 

Amount of soil to be disposed (for AAs containing ROTSL): 

DS = RAY x rspd x ad 

(Equ. I. 9-2) 

(Equ. !.9-3) 

(Equ. I .10) 

where rspd = removed soil per em depth and ad = average deptgh with the 

default values given in Tab. 3.02. 

Operation time for ROTSL (for AAs containing ROTSL) 

(Equ. I .11) 
OT _ RAY 

r speed 

where the default value for rspeed is taken to be 0.001 km/h in accordance 

with the value range given in Table 3.02 for the theoretical operation 

rate per equipment. 

Amount of produce to be disposed for all grid elements where disposal 

applies as either the primary or the secondary action type: 

(Equ. I.12) 

DP = L PR(g) 
g(DISPO=yes) 

Amount of produce (kg) to be stored for T ~ Ti (for AAs containing STORE 

only) As in Equ. B.01, but under the conditon 0Stb<1a. 
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Amounts under the condition that the primary action type is not possible 

(for AAs not containing ROTSL only) 

Area The initial area from Equ. B.Ol under the condition that the 

primary action types are not possible. 

Produce For all AAs for which it is assumed that then DISPO has to be 

carried out instead, the corresponding amount adds up to the amount which 

has to be disposed. 

I.4.5 Costs 

All numerical values given here use values of 1.5 and 0.15 to convert 

£ and FFr to ECU respectively. 

I.4.5.1 Gross output, gross product, capital costs 

In the calculations of the above costs the following assumptions are 

made( 6): In the first year, the gross output (GO) represents the costs 

from the loss of foodstuffs, which consists of the losses resulting from 

the purchases from other producers, from the income of farmers and 

workers, and from the depriciation of capital. If the duration of the 

bans is estimated to exceed 1 year, it is assumed that grain is not 

produced in the affected areas after the first year for the estimated ban 

time, so that purchases from other producers need not to be made and only 

the income and capital losses expressed by the gross domestic product (GP) 

remain. If the ban duration is estimated to exceed 3 years, it is assumed 

that people who receive their income from agriculture in the affected 

areas are re-integrated elsewhere in the national economy, leading the 

income losses to vanish and only the capital costs (CA) to remain. 

Table I.5 gives the current values for the unit costs for GO, GP and 

CA(]). Table I.6 shows the contributions of the three cost types for the 

different action alternatives (both Tables are at the end of this 

Section). 

The formulae and data currently used in the cost calculations are 

given below( 6). In the formula, Uxx represents the corresponding unit 

cost, j the j'th year after the accident, and AREA the production area 

affected in this year or during some time interval starting with year j. 

The areas affected depend on the AAs and are explained after the 

formulae. It should be remembered here, that the assumption is made that, 

independent of what is actually going on, the production in the first year 

is either completely lost or not at all. 
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Gross output (GO) 

(Equ. 1.13-1) 

GO = UGO x AREA(j) x DISCNT(j) x 6T for j = 1 only 

The discount factor for the first year is assumed to be 1. 

Time: Due to the underlying assumption mentioned above, &Delta.T is always 

1 a. 

AREA For all AAs without STORE: AREA is the initial production area 

QC(tb~O) from Equ. I.4. -For AAs with STORE: AREA is the area 

QC(t~1a) from Equ. I.4. 

Gross product (GP) 

with 

3 
GP = UGP X L AREA(j) X DISCNT(j) X 6T 

j=2 

DISCNT(j) = --1-­
(1 + r)j-1 

(Equ. I .13-2) 

(Equ. 1.14) 

The current value for r is 0.05 (corresponding to 5 %). 

Time: GP is calculated for years 2 and 3, so 6T is 1 a for each of the two 

time periods. 

AREA: For all AAs without ROTSL: AREA(2) = QC(tb~1a) and AREA(3) = 

QC(tb~2a) with QC being the production area from Equ. I.4. -For all 

AAs with ROTSL: AREA(2) = RANA2(tb~1a) and AREA(3) = RANA2(tb~2a) with 

RANA2 being the part of A2 for which ROTSL is not possible from Equ. 

!.9-3. 

Capital costs (CA) 

(Equ. I .13-3) 
5 

AREA(3) L (1- A)(j-1)(A+RR)DISCNT(j) 
j=4 

CA = UCA x 10 
+ L AREA(t.) 

i=8 J. 

j(i+1) 
L {1 - A)(j-1)(A+RR)DISCNT(j) 

j=j(i) 
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~here i is the i'th position in the ban-array, tithe corresponding time 

and j the corresponding year (i.e. j(i) = ti + 1). The current values for 

A and RR are 0.01 (corresponding to 10%) and 0.05 (corresponding to 5%). -

The formula for the discount factor is the same as for the gross product. 

The separation of the contributions from years 4 and 5 from the rest 

is necessary, because the ban- array does not contain the 4th and 5th year 

as times on their own. 

AREA AREA(3) is the same as for the gross product. - For all AAs without 

ROTSL: AREA(ti) = QC(tb~ti) with QC from Equ. !.4. -For all AAs with 

ROTSL: AREA(ti) = RANA2(tb~ti) with RANA2 from Equ. !.9-3. 

Table !.5: 
Default values for unit gross output-, gross product-, capital costs 

gross output: 
gross product: 
capital costs: 

8.9 E+4 ~£ km-
2 

a-
1l 

3.5 E+4 f km- 2 a- 1 

3.0 E+4 f km- 2 ) 
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Table !.6 
Contributions from gross output-, gross product-, capital costs 

for the action alternatives 

Ban duration 
------------

AA ~0 < la ~ la 

NO ACT 0 0 

NADEC/NADEC GO GO + GP + CA 

NADEC/ROTSL GO GO (R<fi) I GO+GP+CA (R~fi) 1) 

UPLOU/NADEC GO GO + GP + CA 
UPLOU/ROTSL GO GO (R<fi) I GO+GP+CA (R~ffi 1) 

DISPO/NADEC GO GO + GP + CA 
DISPO/ROTSL GO GO (R<fi) I GO+GP+CA (R~fi) 1) 

STORE/NADEC 0 2) GO + GP + CA 
STORE/ROTSL 0 2) GO (R<fi) I GO+GP+CA (R~10) 1) 

DILUT/NADEC 0 2) GP + CA 
DILUT/ROTSL 0 2) GO (R<fi) I GO+GP+CA (R~10) 1) 

Notes 

3) 

1) For R < fi, it is assumed that the area will be re-used for grain 
production after the first year (fi = 1 I fr, with fr being the fraction 
of the initial deposited activity remaining after ROTSL with the default 
value given in Table !.3). -For R~fi, NADEC is assumed (see Section 
V.2.2). 

2) Some costs will arise from not being able to use the grain 
immediately after the harvest. These costs are not accounted for at 
present. 

3) DISPO is assumed instead of STORE here - see Section !.3. 

!.4.5.2 Costs for carrying out the actions 

The unit costs for the different costs types are shown in Table 1.7, 

the sources of the numerical values are given in the following chapters. 
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Table 1.7: 
Default values for unit costs for carrying out the actions 

storage 

disposa 
disposa 

1 (grain) 
1 (soil) 

5.2 (FFr kg- 1 l 
5.2 E+3 (FFr m- 3 

ploughing under 
removal of t.s. 

1.0 E+3 f: km- 2l (Labour) 2.0 E+ 3 f£ km- 2l (Equipment) 
1.0 E+5 ~ km- 2 (Labour) 1.4 E+ 5 f km- 2 (Equipment) 

Storage 

The value in Table 1.7 corresponds to 0.04 ECU per ton and day(B). 

The actual costs are calculated by: 

(Equ. 1.15) 
i=4 

costs = USTOR x I QC(t.) x (t.+1 - t.) 
1=1 1 1 1 

with USTOR being the unit costs, i the i'th position in the ban-array, ti 

the corresponding time, and QC the amount of grain stored for t ~ ti 

calculated from Equ. 1.4 under the condition 0 S tb < 1 a. 

Disposal of grain and soil 

The values in Table 1.7 are derived from a value of 1180 FFr given 

by(B) for the storage of low level radioactive waste packed in metallic 

225 1 containers. For grain, the mass to be disposed is calculated and 

not the volume; a density of 1 was assumed in the conversion for the 

disposal of soil. 

The amounts of soil I grain to be disposed calculated using Equ. 1.10 

and 1.12, respectively, were used to obtain the actual costs. However, for 

grain, probably not the corn alone but the complete plant would be 

disposed, increasing the volume and hence the costs, but this was not 

taken into account. 

Labour and Equipment 

The numerical values in Table 1.7 for the unit costs for labour and 

equipment for the action types UPLOU and ROTSL were taken from reference 

9; corresponding data for other action types were not available . 
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For the illustrative examples, the sum of both cost categories was 

calculated. The areas with which the unit costs were multiplied to obtain 

the actual costs were: 

UPLOU/NADEC (UPLOU-component): the area subject to UPLOU (AAY from 

Equ. !.9-1). - UPLOU/ROTSL (UPLOU-component): the area A1 (RAYA1 from 

Equ. !.9-2). - ROTSL-component of all action types: the area subject to 

ROTSL (RAY from Equ. !.9-1). 

Monitoring costs 

These were not included, since little relevant information was 

available. 

!.5 Data for the Specific Activities Per Unit Deposit 

In this Section, AFG represents the activity per unit mass and 

deposit, ti stands for one of the times of the ban-array, and A for the 

radioactive decay constant; all indices referring to the radionuclide were 

omitted. 

The original ECOSYS-data for the activity per unit mass and deposit 

provided by the GSF were in the form of annual integrals for the times 0 

a, 1 a, 2 a, ... , 199 a, the time zero for the integration being the time 

of the accident. For the German Risk Study - Phase B these data were 

modified to represent annual integrals with time zero being the first 

harvest; from these values, the time integrals from 0 to ti and from ti to 

200 a were calculated(5). For the illustrative applications, however, not 

only time points between 0 and 1 a were required, but also the activities 

themselves, and had to be derived from the available (modified) data. 

Under the assumption, that radioactive decay is the only means to 

decrease the activity level in grain after harvest, the time dependence of 

AFG is given by: 

AFG(t) ::: AFG(O) -At 
e 

(Equ. !.15) 

With this equation, the activity level at the time tj of the j'th 

harvest, AFG(tj), can be calculated from the known annual integrals: 

t +1 1 J j dt AFG(t) = AFG(tj) J
0 

dt'e-At' 
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-X AFG(t.) (1 - e ) 
J 

= 
X 

giving 

(Equ. !.16) 
t. 

l. 

X 
Jt.+l 

dt AFG(t) J 
AFG(t.) = 

J -X 
1 - e 

The annual integrals and the integrals from 0 to ti and ti to 200 a 

for ti = 0 and ti ~ 1a were taken over from(C 10). 

For times 0 < ti < 1, AFG(ti) is calculated from Equ. !.15 using 

AFG(O) from Equ. !.16. -The time integrals from 0 to ti are obtained by 

integration of Equ. !.15. -The annual integrals are calculated by 

integration of Equ. !.15, taking account of the fact that part of the 

integral comes from the first and part from the second harvest: 

t.+1 1 ti 

f 1 dt AFG(t) = f dt AFG(O) ;Xt+ f dt AFG(1) 
ti ti 0 

-Xt 
e 

The time integrals from ti to 200 a for times 0 < ti < 1a are then 

obtained by adding the value calculated from above for the part of the 

first harvest to the integral from 1 to 200 a. 

!.6 Additional Data used for Direct Valuation of Socio-Political 

Attributes 

In order to provide direct valuations for the socio-political 

attributes, supplementary information was calculated. The nature of this 

information is listed in Table !.8 . 
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Table !.8: 
Additional data for Direct Valuation 

General information about the situation (independend of AA) 

• Specific activity (Bq/kg) in each grid element for given nuclide 
group 

• Ratio R in each grid element for each nuclide group and IL 

• ~fax. distance (km) for bans as a function of time for each IL 

• Potential area (km 2
) I production area (km 2

) I produce (kg) with ban 
durations of Ti S Tb < Ti+1 for each IL 

• Potential area (km 2
) I production area (km 2

) I produce (kg) with bans 
for Tb ~ Ti for each IL 

• Time integral from 0 to Ti of I production area (km 2 a) I produce (kg 
a) for each IL 

Public health (for each IL and organ/tissue) 

• Theoretical maximum individual effective committed dose equivalent 
(mSv) from intake of a given foodstuff in I first I second I eleventh 
year as a function of age. 

• Committed dose equivalent (mSv), which a member of a critical group 
would receive if he consumes the contaminated food from the time of 
the accident to the end of the foodbans, as a function of age 

• Reference collective dose (man Sv) from intake of a given foodstuff 
(total, contributions from ingestion in 1st year and from following 
years up to the end of the bans) 

• Contributions (%) of radionuclides to reference collective dose from 
ingestion in 1st year and over following years 

• Collective dose (man Sv) saved by AA and fraction of reference 
collective dose 

Practicability (for each IL) 

• Amounts subject to AA (area affected (km 2 ), soil to be disposed (m 3
), 

produce to be disposed (kg), operation time for ROTSL (h)) 

• Produce (kg) to be stored for T ~ Ti 

• The area (km 2
) for which the primary action type is not possible 

(required for the calculation of costs) 

• The parts of area A2 for which ROTSL is impossible (km 2
) as a 

function of time (required for the calculation of costs) 
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Table !.8 (cont'd): 
Additional data for Direct Valuation 

Costs (ECU) for each AA and IL 

• Costs for lost gross output I gross product I capital, and their sum 

• Costs for carrying out the actions 

• Costs for the amounts of soil I produce to be disposed 

• Costs for storage 

• Sum of costs for labour and equipment 

• Monitoring costs 

• Sum of costs for carrying out the actions 
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alternative 

anti-ideal 
alternative 

attribute 

effect score 

effect score 
matrix 

endpoint 

goal 

hierarchy 

ideal 
alternative 

indifference 
judgement 

intermediate 
attribute 

preference 

relative strength 
of preference 

trade-off 

utility 

GLOSSARY 

DECISION LOGIC VOCABULARY USED IN THIS REPORT 

= one item of the possible choices (synonym: 
option). 

= hypothetical alternative that performs the least 
desired effect scores on all attributes. 

= distinctive (relevant) property of an alternative 
(common synonyms: criteria, objective). 

= the outcome of an alternative measured on a certain 
scale in the dimension of a specific attribute, 
reflecting the number of units by which that 
attribute is expressed. 

= matrix in which for all alternatives every relevant 
relevant effect score is given. 

= attribute at the bottom of the hierarchy, 
corresponding to an attributes that is not broken 
down into more detail, and may have a direct 
relationship with an affect score through a value 
function. 

= top of the hierarchy, it corresponds to the 
attribute "overall desirability". 

= scheme expressing the relationship between the 
attributes (synonym: (value) tree). 

= hypothetical alternative that performs the most 
desired effect scores on all attributes. 

= comparison of two equal (relative) strengths of 
preference. 

= attributes that are aggregates of underlying 
attributes in the hierarchy. 

= ordinal priority order. 

= difference between two different relative v4lues. 

= personal judgement about the relative desirability 
for effect scores on different attributes; the 
trade-off can be expressed in terms of weight 
factors and value functions. 

= a transformation on value, intended to take account 
the decision-maker's attitude towards risk or 
uncertainty. 
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value 

value function 

weight factor 

= quantity expressing the (relative) desirability of 
an object; strength of preference. 

= an expression relating the effect score 
corresponding with a single attribute, to the 
valuation of that effect score. 

= number expressing the trade-offs between the value 
of attributes, reflecting their relative importance 
for the overall evaluation; the weight factors are 
usually normalised. 
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