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Foreword

In 1984 the International Commission on Radiological Protection (ICRP)

established a Task Group of Committee 4 to produce a report on methods for

optimisation of protection other than cost-benefit analysis. As the work of

the task group progressed it became clear that it would be more useful to

produce a report on the entire field of application of optimisation, mainly

to show how the various techniques including cost-benefit analysis could be

applied appropriately to problems at different levels of complexity. This

paper reports on the main ideas that have been developed by the task group.

It must be emphasised that these ideas have not been endorsed by Committee 4

nor approved by the Commission so they can not yet be considered as

recommendations.
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INTRODUCTION

1. The principles upon which the recommendations of the Commission have

been based have evolved over a period of more than 50 years. The

development and clarification of the underlying philosophy reached its

present state with the publication in 1977 of the latest recommendations of

the Commission . In this the three components of the system of dose

limitation were stated and identified separately as follows:

"(a) no practice shall be adopted unless its introduction produces a

positive net benefit;

(b) all exposures shall be kept as low as reasonably achievable,

economic and social factors being taken into account; and

(c) the dose equivalent to individuals shall not exceed the limits

recommended for the appropriate circumstances by the

Commission."

2. These three principles are generally referred to as those of

justification, optimisation of protection - also know by the acronym

"ALARA", and individual dose limits. Acknowledging the fact that these

requirements are inter-related, this report is devoted to the interpretation

of the second principle, that of optimisation of protection.

3. The concept of optimisation of protection is practical in nature. In

all aspects of dealing with protection of man against ionising radiation, it

is necessary to make frequent decisions as to the level of protection to be

afforded, given that all levels of protection are below the dose limits.

Optimisation provides a basic framework of thinking - that it is proper to
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carry out some kind of balancing of the resources put into protection and

the level of protection obtained, against a background of other factors and

constraints, to obtain the best that can be achieved in the circumstances.

The present report also gives some indication of the techniques that can be

used, of various levels of complexity and applicable to various types of

problem, to help in this balancing process. Optimisation in many senses is

no more than the consequence for radiological protection of the well known

"law of diminishing returns".

4. In many situations of operational dose control there is no requirement

for anything more formal than an understanding of, and commitment to, the

concept of optimisation on the part of those responsible for controlling

doses and of the workers themselves. It is not intended that the move

towards more quantitative procedures for some situations should replace

decision making at this basic level.

5. The procedures used in the more formal studies of optimisation of

protection are all one form or another of "decision-aiding" procedure. They

are intended to clarify, for the people who have to decide on the level of

protection, the various factors involved, to quantify them where this is

reasonable and necessary and to systematize the trade-offs between the

various factors.

6. It is not possible to reduce radiation exposures from man's practices

to zero increment over background without totally foregoing the benefits

from the practice giving rise to the exposure, so the amount of resources

devoted to reducing radiation exposure has to be compared with resources
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devoted to other needs of society. The overall objective is optimum

resource allocation against implicit or explicit preference criteria. Good

practice more generally in relation to health and safety must surely have

the same overall objective. The techniques described by the Commission

should be seen in their proper context as assistance in working towards this

objective and in systematising and clarifying "good optimisation practice"'.

7. Optimisation of protection is an idea of very broad application. It

can be used at all levels from simple day-to-day decisions to major analyses

of different types of plant design, and it should be applied in all areas of

radiation protection, including medical diagnostic uses of radiation, the

control of exposures to natural radiation, and the control of exposures in

general industry as well as in the more publicised area of the nuclear power

industry. For it to be applied fully the optimisation idea should also

apply to accidents or incidents that could lead to radiation exposures. To

do so it must incorporate the probabilities of such events and of their

consequences, together with consideration of the routine exposures that

result from the work necessary to minimize the frequency of accidents or

mitigate their consequences. Some of the techniques described in this

report could be used in such a very broad context. Optimisation also has a

role in deciding on the extent of dose reduction or prevention measures once

an accident has occurred. The problems of application in this phase are not

related to the probabilistic nature of the event but to the rather different

types pf decisions that are needed and their direct impact on normal

conditions of living.

( 2)8. In a report of the Commission in 1983^ J the general concept of



optimisation of radiological protection was clearly stated in broad terms

but the report focused on the use of cost-benefit analysis as a technique to

be used in analysing protection problems to determine the optimum solution.

The present report starts from the general concept of optimisation of

protection and shows how it can be implemented at different levels of

decision and in different contexts using appropriate techniques, one of

which is cost-benefit analysis.

9. It was probably useful in introducing the ideas of balance and

trade-off to concentrate, as did the earlier reports, on those factors most

easily quantifiable in cost terms, especially the costs of protection and

those that could be transformed into cost terms, even though with some

difficulty. This emphasis was coherent with the early development of

cost-benefit analysis as a preferred technique for optimisation studies.

Lately, however, it has increasingly been recognised that it is necessary

for a complete input to decisions to take account of the less quantifiable,

more social factors. One key reason for the development of the more complex

techniques in this report is that they can more readily accommodate these

other factors.

2. OPTIMISATION OF PROTECTION

10. All aspects of optimisation of protection discussed in this report are

particular interpretations of the general concept. Where general

reference is made to "dose" than what is meant is the effective dose

equivalent as defined by the Commission .
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2.1 The Role of Optimisation

11. The basic role of the concept of optimisation of protection is to

engender a state of thinking in everyone responsible for control of

radiation exposures such that they are continuously asking themselves the

question "Have I done all that I reasonably can to reduce these radiation

doses?" Clearly the answer to this question is a matter of judgement

because it is not a question that can be answered in the same sense as the

corresponding question about dose limits "Have I ensured compliance with the

dose limits?" If the doses received by a worker are monitored and the sum

total of those over the designated period are less than the limit over a

designated period then the answer to the question of compliance is "Yes".

This is of course a conventional answer and ignores the uncertainties

associated with the dose estimates in most cases, but nonetheless it is a

satisfactory answer. In the case of the optimisation question, there is no

such clear cut technical answer that does not require the application of

judgement. Thus a main function of the optimisation procedure, once it

moves beyond the intuitive operational level, is in providing the techniques

and frameworks within which to apply that judgement and to systematize

judgements among the various people who apply them and even judgements made

by the same person but applied in various situations. In the long term,

application of those decision-aiding techniques should help to achieve more

coherent and consistent decisions.

12. In a sense, it is the optimisation procedures as developed in the

various sections of this report which are the important practical

embodiments of the optimisation concept. These procedures are aimed at

clarifying the proble.. i under consideration so that the main radiological
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protection options are properly identified together with their performance

in terms of risk reduction, their costs and any other factors and so that

the judgements involved are recognised. In the field of operational dose

control of workers the procedure can be slightly different in that the

problem is not necessarily to evaluate several competing new design

possibilities or operational choices but could be to evaluate a relatively

static situation to see whether the principle of optimisation is met. In

this case it is important to focus on factors such as the managerial aspects

of occupational dose control and training as well as on the results as

expressed in distributions of individual dose. Even in this situation,

however, the use of a structured procedure will lead to a more systematic

evaluation of whether a given system of management and control complies with

the optimisation principle.

2.2 A structured approach to problems

T3. A structured approach to optimisation of protection is important to

ensure that no important aspects are overlooked and to record the analysis

for information and for assessment by others. Before describing the

essential elements of this structured approach it is useful to clarify the

terms used as follows:

Protection Option: A specified design or set of operational

procedures.

Base Case: The starting point from which changes are assessed; in the

design study normally the cheapest option, in the case of operations

the current set of procedures.



Performance of the option: The results of applying a specified design

option or set of operational procedures; expressed in terms such as the

resultant doses, individual and collective, the process efficiency

etc.

Cost of the option: The direct financial costs of the option, together

with any other costs e.g. effort, training.

Factor: An identified measure of either the cost or the performance of

an option, e.g. financial cost, collective dose, maximum individual

dose, training requirement, discomfort from protective clothing.

Attribute: Equivalent to Factor; used in the technical phase

Multi-attribute utility analysis.

Criterion: A quantitative or qualitative- measure of one or more of the

factors against which the performance or cost of an option can be

compared, e.g. individual dose limits, a specified value of unit

collective dose.

Radiological Protection Factors: Those factors which are related to

the level of protection achieved. These will include those factors

describing the resultant dose distribution in any way, and those

factors describing the costs incurred in modifying the dose

distribution.

Other Factors: Those factors which are related to or describe the

performance or costs of an option but are not related to the level of

protection, e.g costs incurred solely to increase process efficiency,

for aesthetic or public relations reasons, differences between options

expressing their likelihood of public acceptance, measures of process

efficiency such as throughput, planning consideration. Even though

- 44 -



these factors may dominate the eventual decision, they are not part of

the optimisation of radiological protection.

14. The major steps in the procedure are: the initial recognition that

there is a need for an optimisation study and the clear definition of the

scope of the study; the identification and quantification of the factors to

be considered during the optimisation and the separation of the factors into

those relevant to radiological protection and the others; the analysis

(qualitative or quantitative) of the performance of the options with respect

to each of the factors against criteria, preferably explicitly stated; the

generation of a recommended optimum from the analysis; the conclusions as to

what actions need to be taken. The more detailed application of this basic

structure to design and operational situations is described in Sections 3

and 4.

2.3 Decision making and the implications

15. The simplest kind of decision is that in which reductions in radiation

doses are accompanied by improvements in efficiency or a saving of money.

In this case the decision maker will almost always decide to reduce the

radiation doses. This is entirely consistent with the optimisation

principle. More often the reduction of dose can only be achieved by the

expenditure of some effort and by allocating additional resources. In this

case, even in the simplest situation, it is necessary to decide whether the

dose saving that is likely to result is worth the effort of achieving that

saving whether it is in financial expenditure, by efforts in training, by

reorganisation of working procedures, or in any other form.
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16. Once this basic element of an optimisation decision is recognised then

it becomes clear that any decision carries some implicit trade-off between,

for instance, the cost of protection and the cost assigned to the radiation

induced detriment as represented normally by the radiation doses. If these

decisions are made in an arbitrary way by different people under different

circumstances then there is no reason to expect consistency in the eventual

results. It is the search for some simple means of achieving consistency,

together with recognition of the importance of costs, including efforts, on

one side of the balancing equation that has led the Commission and others to

recommend use of the technique of cost-benefit analysis as a principal

decision aid in such circumstances. The simplest form in which it has been

applied is to assign a value to unit collective dose as an expression of the

implied cost of radiation induced health detriment. If all the incremental

doses are so low as to imply risks that are negligible for the individual

involved, then this may well be all that is needed and simple cost-benefit

techniques can be applied. When considering more complex decisions,

however, it becomes clear that there are other implicit assumptions within

this framework of decision making. It is perhaps because, on the basis of

intuitive judgement, those who are used to making decisions recognised, and

to some extent, disagreed with these implicit assumptions that the technique

itself, in its simple form, has not met with universal acceptance. For

example the use of collective dose commitment as the sole measure of

radiation detriment implies precise equality between collective doses to

workers or members of the public, between collective doses made up of very

large numbers of very small doses and small numbers of quite high doses,

between collective doses made up of individual doses at 10% or 90% of the

appropriate limit. Only if all these trade-offs are equally acceptable to



the decision maker will he find the simple approach acceptable. A decision

maker with a different view of the situation would need to take different

weightings into account. The more general decision aiding techniques

introduced in this report help to make explicit allowance for different

kinds of weighting between different components of the radiation detriment

and enable the innate preferences of decision makers to be expressed

overtly.

17. Although it may appear that these techniques are excessively complex,

they are no more than a recognition that some decisions are complex and that

decision making is a complex process even if it is generally carried out

inside the head of the decision maker. Although this "internal" procedure

may produce good decisions, the disadvantage is that the rationale for the

decision is not accessible to other people and may not be reproducible by

others in similar circumstances. Making the steps in the decision process

clearer enables the taking of decisions which affect large sectors of

society to be made more understandable.

18. A commonplace example may help in explaining how quantifiable and

non-quantifiable factors are used with judgemental processes in reaching a

decision. In buying a car we obviously assess such factors as the price,

the cost of maintenance and the efficiency in terms of petrol consumption.

These could be included fairly readily if we were to carry out a

cost-benefit analysis within an overall constraint such as how much money is

available. However in assessing other factors such as the desired

acceleration or top speed, the colour of the paint or the quality of the

stereo system, cost-benefit analysis cannot readily be applied. We



recognise all of these as relevant factors in the decision, we score each

car according to our own attitude towards the factor then we trade off

between the factors using our personal criteria. The decision made by each

of us uses the same data base, i.e the characteristics of the different

cars, but the decisions differ because of our individual attitudes to the

factors and criteria for trading one factor against another. The procedures

described in this report should help to clarify and explain the attitudes

and criteria in radiological protection decisions.

3. THE OPTIMISATION PROCEDURE APPLIED TO DESIGN

19. The structured approach to optimisation has been described in general

terms in Section 2.2. The procedure as applied in more detail to design, is

(3)shown in Figure 1 which is based on a procedure described elsewhere .

Having decided that there is a design problem that needs to be studied in an

optimisation context, the protection options have to be identified, these

are then compared in the following stages of the procedure. It is also

necessary to specify at this first stage the factors using which these

options will be compared. Quantitative estimation of the performances and

costs of the protection options for each specified factor is then needed in

order to compare the options, if necessary by application of an appropriate

quantitative decision-aiding technique. This result is a valuable input to

the final decision but does not necessarily lead directly to the final

decision, because of other non-radiological protection factors which may be

overriding.

20. The problem has to be properly defined to clarify the scope for choice

of options and the factors that are to be considered in the optimisation



procedure. Two categories of radiological protection factors can be

distinguished. These are the factors that will always be included in the

analytical procedure, namely the cost of protection and the collective

doses, and those whose inclusion depends on the scope of the problem being

considered. The second category contains other protection efforts, the

individual dose distribution, possibly expressed as a percentage of the

appropriate dose limits or by dividing up the collective dose according to

the individual dose range, the time distribution of doses, the population

receiving the doses, the probability of events, the reliability of options,

etc. When all the factors that need to be considered for the problem have

been specified, it may be that some of them cannot be appropriately

quantified for inclusion in the analytical procedure, particularly if a

simple procedure is all that is available. In this case these factors will

have to be assessed qualitatively but the result of qualitative analysis

must be taken into account in reaching the optimum, ie. in transforming the

result of the analytical procedure into the recommendation of the

radiologically preferred option.

21. There are also non radiological protection factors such as those given

in Section 2.2, that enter into the final decision. At this early stage in

the procedure it is useful to specify these fcstors so that they can be

considered for the options selected. At present these factors tend to be

treated separately but it is possible that the development of techniques

such as multiattribute analysis will will eventually provide a means to use

the same structure as for the optimisation of protection, in an extended

fashion to cover some of these factors.
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3.2 Identify options

22. The step of identifying options is very important because it provides a

strong incentive to consider not only the obvious solutions to the

radiological protection problem, but also alternatives. It is important as

an early step to produce a sensible set of realistic options. Thus the step

really consists of three operations, first to postulate all the possible

options, then to carry out a preliminary assessment to eliminate those that

are clearly impracticable, and hence to identify the options to be taken

through the analysis.

23. After options have been identified, those which deserve further

consideration must be selected for analysis, and those which are not

appropriate, eliminated. It is not necessary to analyse completely every

option which has been identified. The selection process begins by

eliminating those options which obviously do not meet established

constraints, such as the dose limits, or do not appear viable from the

design viewpoint. However, it must be emphasised that options that are not

grossly impracticable should not be eliminated too early and may need to be

reconsidered later depending on the output of the optimisation procedure.

24. Even the preliminary selection of options can be assisted by

quantitative techniques such as cost-effectiveness or rough multi-criteria

analysis. This selection process will reduce the number and range of

options considered in the optimisation procedure. An important and complex

problem will usually warrant more costly analyses of a wider range of

initial options than detailed design studies that would more often consider

a few rather similar options.
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25. The next stage is to estimate the performance of each option for each

of the factors specified. These estimates should be quantified so far as

possible.

26. In order to compare the performance and costs of the options different

(4)quantitative techniques are available . These can be used to assist in

the selection of a radiologically "optimum" option.

27. The quantitative technique that is appropriate will depend on the scope

of the problem. When the protection options potentially involve substantial

modifications to the plant in which they are to be installed, comparison of

the options will involve many factors. In this case, methods capable of

handling a number of factors may be useful. On the other hand, when the

protection options deal with a narrower aspect, such as a specific component

of the plant, the determination of two factors, namely the collective dose

and the protection costs for the options may be sufficient for comparison.

In this case, a simple technique such as cost-benefit analysis or

cost-effectiveness analysis will be appropriate. Other considerations, such

as the availability and the quality of data may also influence the choice of

the technique. When large uncertainties exist, a technique able to handle

the uncertainty, such as a multi-criteria analysis, may be preferred to a

simpler one. However, no technique can produce a precise answer from inputs

with large uncertainties.

28. At this stage in the procedure, it is necessary to introduce the

criteria using which the performance of the options for the factors

specified can be compared. These criteria are not specified by or during
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the application of the procedure but should have been set down in advance,

preferably by National Authorities. The most obvious examples of such

criteria are the dose limits, which form constraints and the value or values

assigned to unit collective dose.

29. Investigation of some of the uncertainties through a sensitivity

analysis provides important insights into the stability of the results with

regard to variation in the data, assumptions and judgements introduced in

the analytical procedure. In particular the sensitivity analysis highlights

the aspects which have the greatest influence on the results. It indicates

the items which are the most important in terms of radiological protection

and can show where allocation of resources to research may most usefully

contribute to fill the gaps of knowledge.

30. The output of the quantitative analysis using the appropriate

decision-aid is called for clarity the "analytical solution". Unless the

decision-aid was able to include all of the specified radiological

protection factors, this will need to be modified by qualitative

consideration of the remaining radiological protection factors to generate

the recommendation of the optimum option from the protection viewpoint.

31. The optimisation procedure leads generally to one, or a small group, of

recommended options. For simple and circumscribed design problems, non

radiological protection factors do not play an influential role in most

circumstances. Moreover the optimisation study is often carried out by the

person responsible for the decision or at least someone close to him. In
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such a situation, the final decision is often the same as the recommended

result of the optimisation procedure.

32. For more complex problems, the non radiological protection factors

become overriding. It is clear then that the recommendation from the

optimisation procedure is only an input to a wider consideration leading to

a decision. In these circumstances those responsible for carrying out the

optimisation study may not be those who take the final decisions.

Consequently careful consideration of the presentation of the conclusions of

the study to the decision maker is needed so that the important assumptions

and performance assessments are emphasised, and in particular the results of

the sensitivity analysis must be conveyed.

4. THE OPTIMISATION PROCEDURE APPLIED TO OPERATIONS

33. The optimisation procedure has been described in general terms in

Section 2 and its application to design studies in Section 3. In this

Section we describe the means by which the general procedure can be adapted

to operational protection. The general schematic description of the

procedure is given in Figure 2.

34. Once a facility is built and operating there is not necessarily an

obvious incentive to examine the mode of operation and the results except

when particular problems occur. Operational procedures tend to develop and

evolve with time. One of the main contributions of the ideas underlying the

optimisation requirement is that existing situations should be examined from

time to time because either some of the inputs to the original optimisation

or some of the criteria may have changed or because the procedures were not
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necessarily optimised initially. In other words implementation of the

optimisation principle provides a rationale for looking systematically at

situations which otherwise might remain inadequately assessed. There may

also be some stimulus for an optimisation study provided by internal

management initiatives, regulatory authority requirements or the outcome of

appraisals of the plant. These could be triggered by levels of individual

or collective dose over a given period being exceeded, costs rising, dose

rates in areas rising, or simply a requirement for a periodic review.

35. Having defined the scope of the study, it is then necessary to specify

the radiological protection factors that are to be included, and the

relevant non-RP factors that will affect the final decision. Clearly these

will depend on the scope of the study, but it will be rare to carry out an

operational optimisation study that does not include consideration of the

distribution of occupational doses among the workforce. Thus, factors to be

included will normally be the collective dose to the workforce in given

periods, including the historical trend, the maximum individual doses and

the numbers of workers receiving doses close to the dose limit or other

specified levels such as management objectives. The number of incidents in

which workers receive or could have received doses above the limits would

also be an important factor in some circumstances.

36. A useful step when carrying out an operational study is to perform a

detailed assessment of the current situation so that the base case is

quantified to the greatest possible extent and the qualitative factors

recorded. This procedure will involve the recording of dosimetric data,

details of facilities and operational procedures, management structures,



level of training, instructions, etc. Details of the efforts applied to

protection will also be important but it may be extremely difficult in the

operational situation to precisely quantify these efforts, in particular the

costs of protection in an established programme. For practical purposes,

the absolute protection costs associated with the base case do not matter as

in the analysis it is the costs associated with changes that are used. The

cost of reaching the current situation could therefore arbitrarily be called

zero.

37. Carrying out an operational study has the great advantage that data

should be available on the performance of the facility with respect to most,

if not all, of the radiological protection factors. In many cases, this

will be a clear and identifiable data base including doses for example doses

to workers, related to specific jobs. The costs of operating should also be

available. In other cases the data may not be quantitative in the same way

but should be available, for example there will be records of discharges to

the environment from which public doses can be calculated, even though they

may not be measurable. There may also be records of the training courses

that have been attended by workers, their frequency and the subjects

covered, there will be records of incidents and their severity, there will

be available the management structure of the operation.

38. The step of identification of options will be greatly assisted by the

study of the current situation, and in most cases it will be clear from that

assessment where changes are possible and would lead to modification of some

of the radiological protection factors.. Thus, in quantifying the collective

dose to the workforce the analysis should also identify the modes of
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operation of the plant and specific jobs leading to the major components of

this collective dose and the possibility of modifying those operations.

This is of necessity a highly specific aspect of the application of the

procedure to particular types of plant or facility but examples of the

possibilities that could be examined include the effect of shielding in

reducing dose rates in places that have to be occupied, the level of

monitoring for control of doses to operators, particularly in high dose rate

areas, the managerial procedures to inform those responsible for day-to-day

operations of the previous dose history of particular workers, the training

programme, or the procedures for control of routine discharges to the

environment. Having considered all the possibilities, it again is necessary

to eliminate the impracticable options, whether for technical, managerial or

organisational reasons. However those that were marginal should be noted in

case they need to be considered again if no clear optimum emerges.

39. Using the database as a starting point, the costs and performance of

each option should be assessed. Some parts of this assessment should be

reasonably easy to quantify, for example the effect of a specified change in

working procedure or a more intensive training procedure on the doses, even

though it may be more difficult here than in the design area to assess the

costs. Other aspects, such as changes in the organisational study or

internal working procedures are difficult to quantify in either respect but

may have a greater long term impact. This is an area of application of

optimisation in which techniques and procedures need further development.

40. In order to find the optimum option it is necessary to compare the

performance of the options with respect to the specified radiological
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protection factors. In some cases this comparison will have to be carried

out qualitatively but for many factors quantitative techniques can be used

in a similar way to those described in Section 3.

41. Many of the criteria described in Section 3 are also relevant to

operational studies and should have been established in advance. In some

cases these will be general criteria such as the cost of unit collective

dose as applied to the workforce, but in other cases they may be more

specific to the particular type of operation such as a criterion laid down

by a regulatory authority that those carrying out a particular job should

have a specified level of training.

42. The outcome of the quantitative assessment would be the analytical

solution, but this is likely to be of relatively less importance given the

large qualitative element in an operational study. Accordingly it is not

shown separately in Figure 2 as it will be included in the overall result of

the optimisation. Similarly sensitivity analysis, although in principle

equally important, is likely to be more difficult to carry out

quantitatively and will have to be more intuitive.

43. The result of these quantitative and qualitative analyses will

generally lead to identification of one or two options indicating where

changes could beneficially be applied, together with an indication of the

likely result of such changes. There are likely also to be recommendations

as to gaps or omissions in the data base that was available for carrying out

the study, together with suggestions as to the levels of performance that

should be achieved and the need and frequency for further reviews.
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44. If the study is of a relatively small scale and unlikely to be affected

by non-radiological protection factors, these recommendations will generally

be accepted as decisions and translated directly to actions. Otherwise the

actions eventually decided on by the plant management or imposed by the

regulatory authority may differ from the recommendations emerging from the

optimisation study. Where this is so it should be recorded, and if possible

the reasons leading to the differences should be recorded. This will aid in

any future optimisation studies related to both operations and design.

5. QUANTITATIVE DECISION-AIDING TECHNIQUES

45. When the performance and costs of all the protection options has been

assessed, a comparison with respect to the specified radiological protection

factors can help to define the "optimum" protection option. When the

optimum is not self evident, help can be provided by the use of a

quantitative decision-aiding technique. The result of application of the

technique is known as the analytical solution, this must then be combined

with the qualitative assessment of the performance with respect to the other

radiological protection factors to choose the optimum.

46. Of the different techniques available five will be described in the

report cost-effectiveness analysis; differential cost-benefit analysis;

cost-benefit analysis; multi-attribute utility analysis and multi-criteria

outranking analysis. It should be noted immediately that the first is not

appropriate on its own for full optimisation studies but can be used in

elimination of non-viable options if they are similar in character to the

viable options. Depending on the problem and the number of factors
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specified the use of one of these techniques will be generally more

appropriate.

47. An essential point, not always recognised, is that it is the

specification of the radiological protection factors and the criteria to be

used in the analysis that determines the outcome, not the technique chosen.

If it is decided that only two factors are relevant, for example cost and

collective dose, then a simple technique such as cost benefit analysis will

give an analytical solution that directly indicates the optimum.

Application of a more complex technique to such a simple problem is

superfluous, but if it were done then the same analytical solution and

optimum choice would result. If however it is decided that a number of

factors are relevant, and especially if one of them does not lend itself

well to quantification, then a simple technique will only handle some of the

factors and the analytical solution does not indicate the optimum. It has

to be combined with a qualitative assessment of the options with respect to

the remaining factors before the optimum can be found. Application of a

more complex technique able to handle all the factors would give an

analytical solution that directly indicated the option. All of the above

depends on the same criteria being used irrespective of the technique

chosen.

48. In the report the same problem is analysed using progressively more

complex techniques. The number of radiological protection factors specified

remains the same as do the criteria used. The scope of the problem used as

an example is to design a ventilation system for a small uranium mine. The
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radiological protection factors specified as relevant in the optimisation

are four. They are:-

~ the protection cost

- the occupational collective dose

- the distribution of individual doses

- the discomfort associated with the ventilation rate.

49. The criteria used are both quantitative and qualitative, although in

the final analysis all the criteria are made quantitative. It is important

that the criteria are specified in advance of carrying out the analysis.

5.1 Cost-effectiveness analysis

50. A cost-effectiveness curve can be generated by plotting the cost of

protection X. versus the collective dose S. associated with each protection

option i. The use of the curve could.be supplemented by the imposition of

either collective dose or protection cost constraints to select an option

which either minimised the collective dose for a fixed protection cost or

minimised the protection cost for a equired collective dose saving.

However, it must be emphasised that neither of these cost-effectiveness

procedures corresponds to an optimisation of protection, since they do not

involve the fundamental trade—off between protection cost and collective

dose.

5.2 Differential cost—benefit analysis

51. In order to move from cost-effectiveness analysis to techniques that

can be used in optimisation, it is necessary to compare the incremental cost
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associated with each cost-effective option with the corresponding reduction

of the collective dose. This comparison is generally carried out using a

cost-effective ratio ie. the ratio of the incremental cost AX. = X. - X,._ .

to the reduction of the collective dose AS. = S,. ,.-Si when option i is

compared to the immediate less expensive option (i-1). It is only in this

case that this technique using differences in cost-effectiveness and

requiring a pre-established reference value of unit collective dose is

really an optimisation technique. In this form it is known as differential

cost-benefit analysis. The analytical solution is then the option with the

highest ratio [TTT] among those characterised by a ratio smaller than the

reference value of unit collective dose.

52. In moving from the analytical solution to a recommended optimum option,

the two remaining radiological protection factors the individual dose

distribution and the discomfort associated with the air flow rate have to be

considered in a qualitative fashion. The difficulty faced in combining

the qualitative appraisals with the quantitative analytical solution is in

deciding on the relative importance to be assigned to the four factors.

Using this simple technique the weighting criterion is only quantified for

the two factors included via the value of alpha so the choice of optimum

could vary depending on the qualitative assessment of the other factors.

Nonetheless it is possible to make some qualitative assessment of the

criteria used. In this example, these are characterised as a strong

aversion to high individual dose and a fair concern with discomfort.
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5.3 Cost—benefit analysis

53. Cost-benefit analysis originates from the economic theory of

welfare, and represents the oldest and perhaps the most straightforward

quantitative decision aid in common use. It was also the first technique to

be introduced by the Commission in the context of optimisation of

protection. A principal characteristic of cost-benefit analysis is that the

factors influencing a decision are commonly expressed in monetary terms.

The focus is on aggregated monetary measures of the costs and benefits

associated with options.

5.3.1 Simple formulations of cost-benefit analysis applied to

radiation protection

54. As described in early publications of the Commission, the only factors

deemed to be directly relevant for optimisation purposes were the financial

costs of implementing protective measures and the associated levels of

collective dose. In these circumstances a simple cost-benefit analysis can

be implemented by transforming the collective dose into a monetary valuation

using the reference value of unit collective dose, alpha. The analysis then

proceeds by adding the cost of protection, X, and the derived cost of the

detriment, Y, in order to obtain a total cost (X+Y). This total cost

represents a "figure of merit" and can be established for each option under

consideration. The analytical solution then corresponds to the option which

minimises the total cost. To proceed from the analytical solution to the

choice of an optimum option, the same qualitative chain of reasoning as

applied to the result of the differential cost-effectiveness analysis is

needed.
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5.3.2 Extended cost—benefit analysis

55. The cost-benefit analysis technique illustrated in Section 5.3.1 is

strictly limited to quantitative comparison between the protection costs and

the collective dose. In order to include other relevant factors in the

analytical technique, it is possible to extend the initial framework of cost

benefit analysis to incorporate them.

a) Extensions for individual dose distributions

56. As noted at the start of this Section, it is regarded as relevant for

decision-making purposes whether the individual doses are high or low. This

can be expressed as a difference between a collective dose arising from a

large number of low individual doses and the same collective dose delivered

to a small population exposed at levels approaching dose limits. To

incorporate this judgement, via extended cost benefit analysis, one method

is to modify the value assigned to unit collective dose. The basic value

(or alpha term) must be supplemented by other terms in evaluating the cost

of detriment. Different values must then be assigned to unit collective

dose depending on the individual dose levels involved. This new component

of detriment cost may be expressed through the additional term introduced by

(2)
the Commission in ICRP Publication 3 7 ^ ' ie:

? N. f. (H.)
J J J J

where $ is the value of unit collective dose assigned as a function, f., of

individual dose levels, H., in an irradiation population sub-group, j. of N.
J J

individuals. For example a continuous function may be chosen, giving an



increasing value of unit collective dose as H. increases.

57. This extended cost-benefit analysis technique is also illustrated using

the uranium mine example. Since the distribution of individual doses is not

a simple number it is necessary to decide how to characterise it in terms of

the factors that can be expressed as single numbers. In this procedure

using the extended cost-benefit analysis the most convenient way is to

introduce a set of factors corresponding to the collective dose between

specified individual dose boundaries. The cost of detriment Y is then the

sum of the a term taking into account the collective dose and the ft terms

taking into account the individual dose distribution. The inclusion in the

analytical technique of allowance for the individual dose distribution leads

to an increase of the cost of the detriment Y and modifies the analytical

solution. To move from this analytical solution to the optimum

recommendation, only one additional factor now has to be treated

qualitatively, namely the discomfort associated with the ventilation rate.

b) Other possible extensions

58. In a similar manner it would be possible to extend the cost benefit

framework to include other relevant factors . For example, it may have

been deemed relevant to differentiate between different types of irradiated

populations, such as the public and radiation workers. In this case,

different components could be added to the basic value of unit collective

dose for doses to the two groups reflecting judgements on the relative

significance of public and occupational exposure. The cost-benefit analysis

framework could also be extended to differentiate between routine exposures

arising from normal operations and those which result from accidents. For



example, by assigning different values to the cost of unit collective dose

in accordance with the probability or frequency of initiating events leading

to such exposures, it would be possible to incorporate judgements on the

degree of aversion to low probability, high consequence events.

59. The decision maker could wish to account for the temporal distribution

of the detriment, assigning less weight in decision making for doses

delivered in the far future as a result of present day practices. This may

be achieved within the cost-benefit framework by either introducing

discounting procedures (as would be employed by economists undertaking

conventional cost-benefit analysis), or by selecting a truncation period for

the time integration of the collective dose rate, beyond which further doses

would be effectively ignored.

60. When the relevant radiological protection factors are too numerous, or

if judgements on the criteria concerning some of the relevant factors are

difficult to quantify in monetary terms, it is rather cumbersome to confine

the analysis to cost-benefit techniques, even of the extended type. It

therefore seems appropriate to use only one or two extensions to the simple

cost-benefit analysis. In more complex decisions involving many factors,

the use of an alternative decision-aiding technique may be more

appropriate.

5.4 Multi-attribute utility analysis

61. This type of approach has evolved from several disciplines including

psychology, engineering and management science and is a very broadly

applicable technique for decision making. The essence of this technique is
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to use a scoring scheme (or a multi-attribute utility function) for the

radiological protection factors with the property that if the score (or

utility) is the same for two options, there is no preference for one or the

other; if, however, the score for option i exceeds that of option m, then by

definition i is preferred to m.

62. Having specified the relevant radiological protection factors (or

attributes) to be included in the optimisation study, and having quantified

the consequences of each protection option in terms of these factors, it is

necessary to incorporate the criteria for the relative importance of the

factors into the analysis of options. This is carried out for each factor j

through a utility function u. giving the relative desirability of the

possible outcomes for the factor j. Generally the best outcome or lowest

adverse consequence for each factor (e.g lowest cost, minimum collective

dose) is assigned a utility u. of 1 and the worst consequence a utility of

0. A major advantage of this technique is that these utility functions need

not necessarily be linear. This enables variations in attitude with the

magnitude of. consequences to be introduced. The flexibility of these

utility functions also allows the introduction of factors which are not easy

to quantify in monetary terms as is.required in a cost-benefit analysis, for

example the discomfort factor.

63. From the single utility functions u. expressing the various utilities

of the n factors associated with each protection option i, a multi-attribute

utility function U. must be obtained. This function provides the figure of
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merit or "total utility" of each option i. When preferences for the

different factors are all independent the multi-attribute utility function

can be expressed in an additive form.

64. To clarify the relationship between the two techniques, simple

cost-benefit analysis can be thought of as a particular form of additive

multi-attribute utility analysis. In this all the single utility functions

are linear and the k. are dimensional constants corresponding to the

monetary values assigned to each unit of consequences.

65. It is shown using the uranium mine example that it is possible using

this technique to include all four factors in the analysis, namely the

protection cost, the collective dose, the distribution of individual doses

and the discomfort due to high ventilation rates. However to demonstrate

that multi-attribute utility analysis csn reproduce precisely the analytical

results obtained from the simple or extended cost benefit analysis, the

steps leading to the analytical solutions are first reproduced using the

multi-attribute utility analysis technique. Then the factor that could not

readily be included in even the extended cost benefit analysis, namely the

discomfort, is also included to give an analytical solution covering all the

relevant radiological protection factors. Finally an example is given of

how the multi-attribute utility analysis technique can directly incorporate

non linear utilities, namely the proximity of the maximum individual dose to

the dose limit. This has some aspects in common with the assignment of cost

to unit collective dose as a function of the level of individual dose but is

not exactly the same factor nor is it governed by exactly the same

criteria.
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5.5 Multi-criteria outranking analysis

66. The aggregative techniques described in the previous sections combine

all the attributes representing the relevant factors influencing a decision

into a single figure of merit, whether this is a cost-effectiveness ratio, a

total cost, or a multi-attribute utility function. However, to do this,

there are two conditions which must be satisfied. First, it is necessary

for all the factors considered to be commensurable, so that the total value

which is finally assigned to each protection option, in monetary terms or

utility, adequately expresses the contribution to the consequences for each

of the factors involved. Second, it must be accepted that a poor

performance on one factor can be fully compensated by better performances on

other factors and that such trade-offs are acceptable over the full range of

consequences arising from all protection options under consideration.

67. These two conditions may pose some difficulties where the factors being

considered are particularly heterogeneous or where they can only be

evaluated in a qualitative manner, as for example in the case of public

acceptability or impact on staff relations. Alternatively where protection

options are too disparate, it may be judged that the option associated with

say, minimum protection cost and maximum detriment cost is not really

comparable to that leading to maximum protection cost and minimum detriment

cost even though the sum of the overall costs might be the same in both

cases. In such circumstances, the use of a multi-criteria outranking

technique could prove more helpful than an aggregative technique

68. Instead of expressing the performance of each option in terms of a

single overall figure of merit, the outranking technique initially compares
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each option i to every other option m, in order to evaluate whether option i

outranks (or is preferred to) option m. This comparison by pairs is

generally based on two indicators.

- An "Advantage index" that expresses the amount by which option i is

preferred to option m. The index Ad. is equal to 1 when i is preferred or
ljlu

equivalent to m for all j factors; it is equal to 0 when i is njver

preferred or equivalent to m and it varies in the range from 0 to 1 when i

is preferred or equivalent to m for some attributes.

- A "Disadvantage index", Da. that expresses the degree to which the
x) tn

disadvantages of option i as compared with option m are significant for the

factors where i is not preferred or equal to m. In the simplified version

presented here this index is equal to 1 when the drawbacks associated with

the choice of i rather than m are very substantial and equal to 0 otherwise.

In a more general treatment the disadvantage index could also take values

between 0 and 1.

If Ad is high enough and Da low enough, in this simple treatment zero,

option i "outranks" option m.

69. In calculating the advantage index it is possible to incorporate

criteria for the importance attached to the factors. This is carried out in

the simplest case using scaling constants, which for convenience of

comparison are defined to be the same as those in the multi-attribute

utility analysis, so that the advantage index is given by

- 69 -



Ad. = I k, a,
li"! j J J

where a. is the advantage index for the factor j; this is equal to 1 if

option i is better than or equal to option m for this factor, otherwise it

is equal to 0.

70. The major different aspect of the multi-criteria outranking technique

lies in the disadvantage index. This is essentially a means of formally

rejecting options that do not comply with the fundamental trade-off

requirements necessary for all the aggregative techniques. To apply it

requires some qualitative or quantitative definition of the point at which

the drawbacks become "very substantial". This definition is known as the

"disadvantage threshold" and is a further expression of judgement by the

decision maker. If a factor is not judged sufficiently important to

eliminate options then the disadvantage threshold for that factor is set so

that no comparisons between pairs give a disadvantage index of 1.

6. QUANTIFICATION

71. As has been seen in section 5, to apply the optimisation procedure, it

is essential to identify the protection options and the relevant

radiological protection factors. The cost and performance of the options

must then be quantified for use in the optimisation process. A section is

included in the report that describes the methods for quantification in the

units appropriate to each factor.
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7. APPLICATION OF THE PROCEDURE

7.1 Situations in which the procedure is applied

72. The degree .of success with which the requirement is met to keep doses

as low as reasonably achievable, social and economic factors taken into

account, if necessary by the application of quantitative decision-aiding

techniques, will depend on the commitment of people at all levels, including

regulatory authorities, those responsible for the management of facilities

and those directly concerned with the design or the working procedures.

Clearly, regulatory authorities have an overall responsibility to make this

application a requirement as a consequence of which management should ensure

that adequate manpower and resources are made available to ensure that the

necessary studies can be undertaken over the full range of activities

associated with the design, operation and maintenance of nuclear facilities

and other practices giving rise to ionising radiation.

73. It is obvious that there are currently many installations and much

equipment which pre-date the formal requirement of optimisation as part of

the system of dose limitation and the application of the more quantified

techniques associated with this requirement. It would appear most

appropriate in these cases to place priority on the analysis of operational

experience as described in Section 4 with particular regard to the exposure

of workers and the public in order to identify those aspects of design,

operation, maintenance and in-service inspection which should be considered

as a matter of priority for modification to work towards an optimum.

74. Since the Commission issued the basic recommendation that radiation

protection should be optimised it has not been clear who should implement
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the recommendation. This basic doubt has persisted in spite of subsequent

clarification and the formulation of the optimisation requirement in

(2)
cost-benefit analysis terms. In ICRP Publication 37^ ' it was stated that

"the cost-benefit analysis techniques developed (in the Publication) are

analytical tools addressed to designers, operators and decision makers".

In this report, which deals with optimisation in a much wider context, it is

intended to clarify the levels of decision-making at which recommendations

on optimisation of protection should be implemented.

75. In the case of major installations the necessary studies will usually

be conducted by the operator or licensee and will tend to be specific to an

installation or the problem at hand. In other instances, e.g industrial

radiography a practice giving rise to exposures may be widespread and fairly

uniform in the equipment and working procedures used, but expertise is not

available and resources of operators to conduct optimisation studies are

limited. It may then be more appropriate and effective for the regulatory

authority to conduct or commission generic studies and then to define and

enforce appropriate'modifications to equipment and working procedures.

7.2 Application in design

76. It is during the design that the main features which determine the

level of radiological protection are fixed. At. this point the technical

problems are solved and the design parameters that will finally determine

the levels of parameters such as ambient dose rates and contamination are

established. Thus, decisions made during design are most important for

ensuring compliance with the optimisation requirement. At this stage, there

are various people involved, all of whom should be aware of and involved in
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the optimisation of the design, these range from the designer through the

project leader to the management.

77. Design engineers should have appropriate qualifications and training

which ought to include training in the basic concepts of radiation

protection. Moreover, they should be provided with clear regulatory

requirements, guides and recommendations on the decision-aiding techniques

and parameters that must be used in any aspect of the design affecting the

level of radiological protection. Although design engineers will not have a

role in determining the radiological protection criteria, their

understanding and use' of these criteria and the appropriate techniques are

crucial in ensuring that optimisation is achieved in practice.

78. The leader of a project team or design team has a crucial role in

implementation of optimisation in design. The project leader is the person

who finally decides how much extra effort in radiological protection will be

applied to optimise a design rather than just achieving compliance with

regulatory limits. Since he will normally be very cost-conscious in

relation to the project under his control, clear and strict regulations or

requirements should be established to enable him to implement optimisation.

79. These regulations or requirements have to be endorsed at the highest

levels of management. The role of management will be mainly related to

policy decisions, support for the principle throughout the organisation and

acceptance of the overall financial consequences of implementing

optimisation. This will be particularly important when decisions are made

to apply optimisation to a "proven design" because this will usually have
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serious financial implications which may dominate the final decision on

optimisation of a design. Inputs to such policy decisions will not

necessarily be limited to the designer or vendor but may also originate from

the customer or utility.

7.3 Application in operations

80. The Commission has not previously provided specific recommendations on

quantitative optimisation techniques for operational radiation protection.

The Commission has, however, recognised that the level of protection

achievable in operations is less amenable to quantitative optimisation than

that achievable at the design stage, since the range of choices is limited

by the selected design and the factors to be considered may be difficult to

quantify. Implementation of optimisation during operations therefore

depends even more than in design on the commitment and expertise ofi the

people responsible at all levels, especially the workers themselves, their

immediate local supervisors, the radiological protection officers and the

management.

81. At the working level, there should be a continuous awareness of the

need to achieve the best level of protection under the prevailing

circumstances. Although efforts are often informal, making no use of

quantitative decision-aiding techniques, many exposures have been reduced by

sensible procedures at this practical operational level such as moving out

of high dose-rate areas, using a short half-life nuclide whenever it is

feasible, or switching an x-ray set off when it is not in use. The practice

of such qualitative optimisation should therefore be encouraged through

proper education and training of all the operational staff involved in work

with ionising radiation both the workers themselves and their immediate



local supervisors. Such training should be job-specific, encompass training

in radiation protection and include components intended to engender a

positive attitude to optimisation.

82. There will usually be a person in any organisation who has the overall

responsibility for operational radiological protection, often designated a

health physicist or radiological protection officer. Those at this level

tend to act as advisors to management and do not have ultimate

responsibility for making decisions. However, in practice, their advice is

usually accepted and becomes an operational requirement. This is

particularly true in the case of non-routine operations, such as

unforeseeable maintenance and repair where optimisation of design is

impracticable. The health physicist or radiological protection officer

plays a unique role in implementing optimisation of operational radiation

protection in that he is involved in all areas of the work, and can ensure

the systematic planning of work in radiation areas, particularly where dose

rates are high, correlation of worker doses to particular jobs, and should

carry out review and evaluation of plant failure reports, training etc. In

view of this it is important that the qualifications and training of persons

at this level are appropriate and specifically include training in

optimisation of operational radiation protection.

83. Although many managerial decisions on radiation protection optimisation

can be as qualitative in nature as those made in the day to day working

procedures it is obvious that a higher degree of quantification is needed in

the wider scope of the manager's decision-making process. While the health

physicist is mainly interested in achieving better radiological protection,
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the manager may be faced with a conflict of interests between his

responsibilities for optimising radiological protection and for allocating

resources and ensuring continued operation. Quantification can help ensure

that the basis for decisions is made clear. Although quantification of

optimisation in radiation protection at the operational stage is difficult,

efforts should be made to achieve this by the combined efforts of

management, operators and those responsible for radiation protection. In

this context the use of a structured approach to the optimisation of

operational radiation protection as described in Section 4 is recommended.

7.4 General responsibilities of regulatory authorities

84. The regulatory authority has responsibility at two levels. The most

general responsibility is to impose requirements for optimisation of

radiological protection to be carried under all circumstances ranging from

major designs to individual dose control in the workplace. In order to

assist with implementing this general requirement, the regulatory authority

should specify the general criteria needed to implement the optimisation

procedures. The more specific responsibilities on the authority is the need

to check and if necessary enforce the application of the requirement and the

use of the appropriate techniques.

85. The main general responsibilities for regulatory authorities are

therefore discharged by:

(i) Developing decision-aiding techniques suitable for optimisation

assessments and enforcing their use.

- 76 -



(ii) Establishing relevant basic criteria, such as the value of unit

collective dose, for performing optimisation assessments

appropriate to the local situation,

(iii) Recommending the relevant factors to be taken into account in

optimisation studies of different types,

(iv) Guiding designers and managers on how to apply the requirement

on a case by case basis,

(v) Establishing a data base to provide information suitable to

determine relevant radiological protection parameters and models

for use in optimisation studies.

(vi) Making generic assessments in order to establish optimised

design parameters, e.g dose rates outside shielding or discharge

levels for specific radionuclides.

(vii) Assuring the comprehensiveness of scope and quality of

implementation of radiological protection optimisation in

design, operation and maintenance by enforcing adequate

regulations and by auditing activities.

86. There is always the possibility that high level decisions with

political overtones will be needed in some cases involving exposure to

ionising radiations. These decisions will have quantitative aspects but

also many aspects difficult to quantify. Decisions at this political level

are expected to be few in number compared with the decisions made at other

levels. These decisions will usually be based on studies conducted by

professionals in the area of decision analysis as well as radiation

protection. The Commission's recommendations are not intended for direct

application at the political level because many factors that are important
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at this level fall outside the field of its professional competence.

However, the Commission wishes to underline that decision makers at the

political level should recognise that, when introducing other factors in the

decision-making process, the appropriate protection of human beings must be

retained.
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Figure 1. Schematic representation of the optimisation procedure in
design studies.
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Figure 2. Schematic representation of the optimisation procedure
applied to operational situations.
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