










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































distances of up to 2000 km in a network of sampling stations around 200 sites located mainly 
at synoptic stations of national weather services in Europe. The sampling columns will be 
changed every three hours at each stations for three days, giving a total number of 12000 
columns. The samples will be returned to the CEC Joint Research Centre in Ispra, Italy where 
they will be analysed to determine the tracer content. The tracer gas concentrations and 
meteorological and environmental data obtained in the experiment will be stored in a database 
and used to evaluate models. 

Three dry runs are planned to be carried out before the release experiments in 1994, to test 
comrnunications and logistics. The modellers are expected to also participate in the first two 
dry runs to carry out calculations to predict the plume dispersion and to transmit the results 
to the Joint Research Centre. The firstdry run took place in April 1993. 

Imrnediately after the release, participants will be notified of its precise location and 
characteristics. They will then have access to the meteorological information necessary for 
the model calculations to predict cloud evolution, as in a real accident. The predictions should 
cover a period of 60 hours from the time of the release, at intervals of three hours. 
Predictions will be updated every 12 hours until 48 hours after the release since new 
meteorological forecasts become available every 12 hours. The predictions should arrive at 
the Joint Research Centre as soon as possible, but not later than 6 hours after the beginning 
of each 12 hour interval. The outputs of the real-time models are to be sent to the ETEX 
Evaluation Team not later than one month after the experiment. 

Results will be compared by the ETEX Evaluation Team with the data from the experiments 
to allow the quality of the prediction to be judged. The analysis of results obtained will 
include not only the differences between forecast and experimental data, but also the timeliness 
of response, the behaviour of communication lines and the quality of the emergency response 
system as a whole. 

6 The Radiation Profeetion Advisory Team Service 

In 1984, the Agency established the Radiation Protection Advisory Team (RAPAT) 
programrne, the main objectives being contributing to the implementation of the Basic Safety 
Standards for Radiation Protection and the upgrading of radiation protection in developing 
Member States based on the assessment and priorities identified by the Teams. To date, 59 
Member States have been visited by RAP AT teams, in which experts from other Member 
States, the WHO, the ICRP and the EEC have participated in addition to IAEA staff. 

Findings of RAPAT missions indicate that in most developing countries, the Iack of an 
adequate infrastructure for radiation protection is a limiting factor for radiation safety in the 
rapidly expanding uses of ionizing radiation in medicine, industry, agriculture and research. 
RAP AT experience Ieads to the following conclusions: Software (national radiation protection 
programrnes, legislation, standards, infrastructure, manpower) should be given priority over 
hardware (equipment); IAEA technical assistance should be tailored to the ongoing national 
programrnes; only an adequate infrastructure will ensure an effective use of the assistance; 
continuous surveillance of the radiation protection status and the needs of developing Member 
States is essential so that assistance can be directed to strengthening radiation protection 
infrastructures. 
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7 Strengthening Radiation Protection in the Successor States to the USSR 

The Agency has taken an international initiative aimed at strengthening national infrastructures 
for radiation protection and nuclear safety in countries of the former Soviet Union. The IAEA 
and the United Nations Develqpment Programme (UNDP) worked out a proposal designed to 
tackle problems not covered by other international initiatives to date, notably safety issues 
related to research reactors, uranium mining and milling, and installations using radiation 
sources in medicine, agriculture and industry. 

The initiative comprises three phases: (1) the convocation of a Forum for information 
exchange; (2) project development, consisting in the preparation of assistance packages for 
individual countries or for groups of countries with similar needs; and (3) implementation of 
assistance packages. 

The Forum, which took place in Vienna from 4 to 7 May 1993, was attended by 
representatives of Armenia, Azerbaijan, Belarus, Estonia, Georgia, Kazakhstan, Kyrghystan, 
Latvia, Lithuania, Moldova, Russia, Ukraine and Uzbekistan and by observers from other 
States and from intergovernrnental agencies and other organizations, including the Nuclear 
Energy Agency of the OECD, the Commission of the European Communities, the Group of 
24 OECD countries, the European Bank for Reconstruction and Development and the 
International Bank for Reconstruction and Development (World Bank). A group of consultants 
acting on behalf of the Joint Secretariat followed the deliberations at the Forum and held 
discussions with the participants in working groups. 

The following immediate actions are contemplated by the Joint Secretariat: Technical experts 
will visit specific countries in order to complete the technical information exchange initiated 
at the Forum and in order to evaluate requirements, including training. The first such visit is 
pianned to Kazakhstan, Kyrghystan and Uzbekistan from 19 July - 1 August. Visits to all the 
other countries are planned for the remainder of 1993. A technical representative of each 
participating country will be invited to join in the preparation ofthe forthcoming Basic Safety 
Standards. Each of the participating countries will be provided with related publications that 
have been issued by the IAEA. Advisory services and training will be provided to build the 
national management system for radiation protection and nuclear safety. Topical training 
courses on specific radiation protection problems will be organized and personal dosimetry 
services will be provided where needed. 

The third phase of the project ' implementation of assistance packages' will be dependant on 
extrabudgetary funds from donor countries. 

Reference 

[1] IAEA: uclear Safety Review 1993. Vienna, 1993. 
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APPLICATION OF FUZZY SET THEORY IN THE FIELD OF RADIATION 
PROTECTION 

Y. Nishiwaki 
Institute ofMedical Physics, University ofVienna, Austria 

Summary 

Human reliability and performance in radiation protection and nuclear safety would be affected by 
many factors: medical, physiological and psychological, etc. The uncertainty involved in human 
factors may not necessarily be probabilistic, but fuzzy. Therefore, it would be important to develop 
a theory by which both non-probabilistic uncertainties, or fuzziness ofhuman factors and the pro­
babilistic properties of machines can be treated consistently. From the mathematical point of view, 
probabilistic measure is considered a special case offuzzy measure. Therefore, fuzzy set theory 
seems tobe an effective tool for analysing man-machine systems in radiation protection and 
nuclear safety. 

1. Fuzzy Set and Fuzzy Measure 

According to Kruse [ 1 ], the mathematical concept of fuzziness, which 
is a modality of uncertainty related to the subjective fuzziness of a human being, 
may be classified into two categories, one is the fuzzy set proposed by Zadeh [ 2] 
and the other the fuzzy measure proposed by Sugeno ( 3] and Terano and 
Sugeno [ 4]. 

Assuming the universal set U = { x 1 , x2 , ... } Ie t us consider the relation 
between the subset and the elements. The fuzzy set deals with the relation 
between the non-fuzzy element x and the fu zzy subset Ä. If U = {I , 2, ... , I O} 
and fuzzy subse t Ä = a set of !arge numbers, the fu zzy concept '!arge number' 
may be defined mathematically by the membership function Ä: U->- [0, I ] 

~uch as Äoc Äm .. = Ä(3) = 0, Ä(4) = 0.2, Äcs) = 0.4, Ä(6) = 0.5, Ä(7) = 0.7, 
A (8) = 0.9, A(9) = A(lo) = I. On the other hand, the fuzzy measure deals with 
the relation between the fuzzy element x and the non-fuzzy subse t B of U. This 
concerns the subjective guessing of whether an a priori non-located element x 
belongs to the subset B. Suppose balls, each bearing o ne num ber between I 
and I 0, are placed in a box, and predict whether the number of a ball taken 
from the box coincides with the num ber in B = { 3, 4, 5}. The degree of 
coincidence of the prediction may be expressed by Gr(x E B), (Gr = Grade). 
Gr takes the value 'I' if it is sure, and the value '0 ' if it is impossible. If we 
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consider the degree to be represented by the ratio, it may be expressed as 
Gr (x E B) = 3/10. In general the following relations may hold: 

(i) Gr (x E U) = 1, Gr (x E 0) = 0 

(ii) if Ac B, Gr(x EA).;;;; Gr(x E B) 
( 1) 

where 0 is an empty set. The fuzzy measure is the one with which the number 
in the interval [0, I] is made to correspond to a subset of the universal set X. 
It is represented by g(.). It is a set-function which satisfies the following relations: 

(i) g(X) = 1, g(0) = 0 

(ii) A c B :> g(A) .;;;; g(B) 

(Boundedness) 

(Monotonicity) 

(iii) when A 1 C A2 C ... C An C .. . or A 1 :::> A2 :::> ... :::>An:::> ... , 

(Con tinuity) 

Aprobability measure is the one which satisfies the re1ation 

(i) P(X) = I, P(0) = 0 

(ii) AJ)Ai=0 for i*j:>P(u An)= 1:: P(An) 
n=l n= l 

(2) 

( 3) 

The probability rneasure P may be considered a special form of fuzzy rneasure. 
The relation (ii) in the above is called additivity and if An B = 0, then 
P(A U B) = P(A) + P(B). The fuzzy rneasure approach by Sugeno generalizes 
probability rneasures by dropping the additivity property and replacing mono­
tonicity. The possibility rneasure (2], the beliefmeasure, the plausibility 
rneasure [ 5], etc . may be considered a kind of fuzzy rneasure. The fuzzy 
measure by Sugeno may be considered the rnost general concept of the measure 
in this respect. As a special form, gA. rneasure has the following characteristics [ 3, 4]: 

When A. = 0, it coincides with probability. 
A poss ibility rneasure n is a function which satisfies: 

(i) D(0) = 0, D(X) =I 

(ii) For any collection {Ai} of su bsets of X, 

n ( U iAi) = supi D (Ai) 

(4) 

()) 

547 



A possibility measure can be built from a possibility distribution, Le. a 
function 1r from X to [0, 1] such that supxEX 1r(x) = 1 (normalization condition). 
More specifically, 

VA, TI(A) = sup 1r(x) 
xEA 

( 6) 

A high degree of possibility does not necessarily imply a high degree of 
probability. A low degree of pr?bability does not necessarily imply a low 
degree of possibility. However, if an event is impossible, the probability is 
bound to be zero and it is im probable. The degree of possibility of an event is 
greater than or equal to its degree of probability. The degree of necessity of an 
event is smaller than or equal to its degree of probability. 

2. Fuzzy Integral 

The fuzzy integral [ 3, 4] is a concept of integrals using fuzzy measure and 
may be considered an extension of the Lebesgue integral. It is an evaluation of 
objects by human subjectivity measure. The fuzzy integral for the function 
h: X-+ [0, I] may be defined by 

6 
fxh(x)og(.) = sup [cxt\g(F0)], Fa={xlh(x) ;;;.cx} 

aE[O,!J 
( 7) 

where 'sup' means least upper bound and 'o' sup-min. composition of the fuzzy 
relations, 't\' min (conjunction), 'V' max (disjunction). For simplicity, 
assuming 

it may be expressed as 

n 

where aV b = max (a,b), at\ b = min (a,b), V ai = max { aJ The value 
i= l J<i<n 

of the integral is like the expectation in probability and may be called 'fuzzy 
expectation'. As an example, assume the attributes or elements of a certain 
object tobe expressed by H ={a 1 , a2 , a3 , a4 , a5 } and the grade of importance 
about a set of attributes at evaluation by a person by g. We assume a 
characteristic function about a concrete object A tobe hA : H-+ [0, I] and 
the characteristics to be expressed by a num ber in [0, I] . In this case, if the 
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grade of importance is given, the overall evaluation of the person towards the 
object A may be expressed by f hA (a) o g(·). If the evaluations by a person 
about n objects A 1 ~An are given and the value of g is obtained to minimize 
n 

2: (ei - fhA. o g)2 , the subjectivity measure of the person about the object may 
i= I I 

be considered to have been obtained. In the case of a linear model , this may 
correspond to obtaining the weighting factor wi to minimize 
n n 
2: (ei - 2: wi hAi (ai))2 . However, the linear model can be used' only when 
i= I j=I 
the attributes a1 ~ a5 are independent. The weighting factor does not have 
such meaning as the grade of su bjective importance. Regarding the independence, it 
must be noted that even if physically independent, it may not be subjectively 
considered independent by the evaluator. In the case of fuzzy measure, the 
assumption of independence is not required. Usually, the grade of subjective 
importance about the combination of a1 and a2 may not be equal to the sum of 
the grade of subjective importance of a 1 and that of a2 : g({ a1 , a2 }) * g({ ai}) 
+ g({ a2 } ). In the case of gt., measure, the following effects may appear: 

whent..>O, g({a1 ,a2 })> g(ja!})+g({a2 }) 

whenf..<(Q, g({a 1 ,a2 })<( g({a i}) +g({a2 l) 
(Superadditivity) 
(Subadditivity) 

( 9) 

From experience of applications, these effects may depend on the evaluator and 
the object tobe evaluated. In the fuzzy integral model, the attribute with a 
small value of g may not affect the result of evaluation significantly and 
therefore could be omitted. 

When g is continuous and g(F 0) is a non-increasing or decreasing function 
of o:, the fuzzy integral may also be expressedas follows: 

f h(x) o g(.) = inf [o:V g(F0 )] 

o E [O ,l] 
(10) 

where 'inf means greatest lower bound. However, when Xis finite , it may not 
be equivalent to Eq.(l 0). 

3. Probability and Possibility 

A sume for simplicity that Xis the n-dimensional Euclidian space Rn. A 
fuzzy event in Rn is a fuzzy se t A on Rn whose membership function is 
measurable. The probability of a fuzzy event A is defined by the Lebesque­
Stieltjies integral as follows: 

(ll) 
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When Ais non-fuzzy, it is the usual probability of A. The probability of a fuzzy 
event is the expectation of its roembership function. 

In the case of an enuroerable set, 

(12) 

Let us consider the probability of obtaining a !arge nurober (fuzzy event) 
by throwing a dice. 

The roerobership function Ji.A (xi) or the degree the nurober xi = I, 2, ... , 6 
belongs to the fuzzy set A (!arge nurober) in this case roay be assuroed, based on 
subjective judgeroent or perception, as follows : 

Assuroing the probability of obtaining each of the nurobers I, 2, ... , 6 is equal 
to 1/6, the probability of the fuzzy event roay be obtained as follows: 

6 
P(A)= L Ji.A(xi)P(xi)=(0+0+0.2+0.7+0.9+ I) X 1/6 (13) 

i=l 

~ 0.467 

In this exarople, the occurrence of the events xi = I, 2, ... , 6 is taken care of by 
ordinary probability P(xi) = 1/6 and the uncertainty due to vagueness of the 
roeaning or fuzziness in subjective judgeroent or perception of the fuzzy word 
'!arge' is taken care of by the roembership function Ji.A (xi) . 

The possibility of a fuzzy event A in a universe X with respect to the 
possibility roeasure n roay be defined analogously as follows : 

fl(A) = fx Jl.A (x) 0 fl (·) = sup (Jl.A (x)/\ 1r(x)) 
x E X 

where rr(x) is the possibility distribution associated with n. 

( 14) 

In addition to the non-fuzzy probability and possibility of a fuzzy event, 
the fuzzy probability and fuzzy possibility of a fuzzy event arealso defined in 
the fuzzy set theory. The existence of two points of view on 'fuzzification', 
yielding either non-fuzzy results or fuzzy results, seeros to be very general [ 6] . 
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4. Conclusion 

In radiation protection risk analysis or risk assessment we encounter a variety of sources of 
uncertainties which are due to fuzziness in our cognition or perception of objects. For systematic 
treatment ofthistype of uncertainty, the concepts of fuzzy sets or fuzzy measures could be applied 
to construct system models, which may take into consideration both subjective fuzziness on the 
part ofthe man receiving information an objective fuzziness on the part ofthe objects or of 
incoming information. The theory of fuzzy sets and fuzzy measures is still in a developing stage, 
but its concept may be applied to various problems ofsubjective perception ofrisk, nuclear safety, 
radiation protection and also to the problems ofman-machine interface and human factor 
engineering or ergonomics. [7-10] 
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