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Introduction 
In risk assessment, uncertainty analysis has become an inescapable step for 
the restitution of results, in terms of scientific rigour as well as of social 
credibility. However, such an analysis gives rise to numerous difficulties since 
scientific knowledge in these fields is often limited. Because of knowledge 
incompleteness and inaccuracy, it is often necessary to resort to a more 
subjective knowledge, the expert’s opinion. In this scope, conventional 
techniques available are not always enough to account for the available 
knowledge. The example encountered in the case of the so-called "Nord-
Cotentin" study shows some limits of conventional tools. So as to overcome 
these limits, possibilities of developing tools with a view to better adapting to 
available knowledge in the fields of radioecology and radioprotection were 
looked for on the basis of uncertainty theories.   
 
From expertise to research: the Nord-Cotentin processing of uncertainties 
About the GRNC 
Between 1997 and 1999, in a context of scientific controversy, the Groupe 
Radioécologie Nord-Cotentin (GRNC), a committee of scientific experts, 
reconstructed the risk of radio-induced leukaemia due to releases from nuclear 
facilities in the Nord-Cotentin region. The purpose was to answer the concern 
of local populations following publication of the works by the team of 
Professor Viel. The debate was raised on the one hand, by the tendency of 
excessive number of leukaemias noted in people under 25, in the Beaumont-
Hague district (Viel et al., 1995), (Guizard et al., 1997) (Guizard et al., 2001), 
and, on the other hand, by the connection, suggested between the appearance 
of leukaemia and the consumption of local seafood and the number of people 
going to the beaches (Pobel and Viel, 1997),. 
The risk assessment method for radio-induced leukaemia described in (Laurier 
et al., 2000) (Rommens et al., 2000) is based on the succession of various 
steps allowing quantification of radioactivity transfers from releases from 
nuclear facilities in the Nord-Cotentin region to the red bone marrow, the 
target organ for the risk of leukaemia. These steps are as follows: 

− inventory of radioactive releases into the environment from the four 
nuclear facilities from 1966, date when the fist nuclear facility was 
commissioned, to 1996, end of the period covered by the 
epidemiological studies; 

− inventory of radioactivity measurements in the environment performed 
by the main laboratories which carried out this type of measurement in 
the Nord-Cotentin region, 
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− comparison between environmental measurement results and the 
assessments of radioecological models for the transfer to the media 
and products of the food chain so as to assess as well as possible the 
activity levels in the environment, 

− reconstruction of the ways of living of people from 0 to 24 years old in 
the Beaumont-Hague district which gave rise to exposure to natural or 
artificial ionising radiations, 

− calculation of individual doses to the red bone marrow and calculation 
of collective dose after reconstruction of the local population, 

− calculation of individual risks of radio-induced leukaemia and 
calculation of the collective risk that can be projected from the excess 
of cases noted in he epidemiological studies. 

 
This linking of steps required to get to the result in terms of risk involves 
many multidisciplinary skills whose contributions must be harmonised. In the 
controversial scope of the mission entrusted to the GRNC by the environment 
and health ministries, social pressure imposed deadlines that were 
incompatible with the processing of uncertainties as traditionally understood 
in the expression “uncertainty analysis”. Consequently, risk assessment was 
carried out through a deterministic approach, looking at each step for the 
most representative values of the input data (radioactive releases) and the 
transfer and exposure parameters, and trying to obtain agreement from all 
stakeholders of the GRNC’s expert committee with respect to the choices of 
values. Through this approach, the assessed number of leukaemias due to local 
nuclear facilities (approximately 0.002 cases) is low with respect to the 
leukaemia incidence observed in epidemiological studies (approximately 2 
cases in excess). But the uncertainties surrounding this assessment, numerous 
a priori, were not quantified and a part of GRNC’s experts considered that 
they could not conclude because uncertainties were not taken into account 
(GRNC, 1999). 
 
The probabilistic approach 
In a second step, between 2000 and 2002, the GRNC initiated an uncertainty 
analysis around the calculation of leukaemia risk for young people in the Nord-
Cotentin region (GRNC, 2002). The uncertainty analysis was initially 
performed with conventional means used in the radioecology and 
radioprotection fields: 

− the uncertainties related to model parameters are represented by 
probability distributions (Rommens et al., 2001), 

− the uncertainty propagation technique used is the most common one, 
the Monte-Carlo method (many random selections in the distributions 
of each parameter to deduce a risk distribution). 

 
The first calculation results through this probabilistic approach showed the 
limits of such approach in the Nord-Cotentin study. These limits can be 
summed up on both following major findings:  

− The distribution of result values is very narrow (Figure 1). Actually, 
and paradoxically, the higher the number of uncertain parameters, the 
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lower the uncertainties on the result (the narrower the risk value 
distribution).  

− The risk value assessed by the first GRNC deterministic calculation 
corresponds to the percentile 2 of the distribution obtained with the 
probabilistic approach and is notably outside the value range usually 
considered as realistic, that is to say the range between percentile 5 
and percentile 95. 

 
 
 
 
 
 
 
 

The deterministic risk value corresponds to the percentile 2

The distribution is narrow
(a factor of about 2 or 3 between percentiles 5 and 95){

Risk value distribution in %

 
 

Figure 1: Result distribution obtained with the probabilistic approach 
 
These results can be explained by the parameter independence assumption 
made by lack of knowledge allowing quantification of existing dependencies 
and also by the choices made when processing uncertainties to represent 
knowledge. The assumption of independence involves in particular a reduction 
in the simultaneous occurrence of the extreme values (corresponding to the 
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tails of the probability distributions) since those are likely less and less to 
occur as the number of uncertain parameters increase. This phenomenon leads 
to tighten the distribution. The following of the present paper focuses 
especially on the second aspect of the problem encountered by the GRNC: the 
choice of knowledge representation. Actually, in order to take into account 
the uncertainty sources concerning the parameters of a model, a first 
difficulty lies in the way these uncertainties are quantified. According to the 
problem, various modes of representation (random or fuzzy modelling) and 
quantification (from fractiles or densities) of uncertainties are possible, but 
the choice of representation and quantification mode will affect the final 
result. The problem for determining (representation and quantification mode) 
uncertainty sources is therefore a crucial step for correctly taking 
uncertainties into account.  
 
Introduction of possibilities into the GRNC uncertainty analysis 
In order to illustrate knowledge representation problems, we will consider the 
case of a parameter called "root depth" (Pr) which is involved in the equation 
of radionuclides transfer from the soil to the plant. This parameter is used by 
the GRNC model in the following equation: 

r0

root
soilroot

PR
F

AA
⋅

×=  (1) 

 
Where Aroot (Bq.kg-1

fresh): specific activity of plants due to root transfer,  
Asoil (Bq.m-2): surface activity of the soil, 
Froot (Bq.kg-1

fresh of plant per Bq.kg-1
dry of soil in place): soil/plant transfer 

coefficient, 
R0 (kgdry.m-3): density of the soil in place, 
Pr (m): depth of the rooting zone. 

 
For cultivated plants, the depth of the rooting zone is determined by the 
working depth and this piece of information is considered as trivial in the 
agricultural field. For the Nord-Cotentin study, all available information 
converges on an "approximately 20 cm" working depth (IRSN 2001). Then, the 
difficulty consisted of formulating "approximately 20 cm" in a mathematic 
distribution and consequently to formalise "approximately". The simplifying 
solution retained by radioecologists consisted of setting realistic lower and 
upper limits (10 cm and 30 cm respectively) and of proposing a triangular law. 
However, when referring to equation (1), the parameter Pr is used at the 
equation denominator, which means that the inverse of the triangular function 
is finally used in uncertainty calculations. The resulting inverse distribution is 
highly different from a triangular distribution: 

f(u) = (30-1/u)/(100u2)  if 1/30<u<1/20 
  = (1/u-10)/(100u2)  if 1/20<u<1/10 
  with a maximum value in f(1/20) = 40. 

 
Therefore, the problem set can be illustrated as follows: had the 
radioecologists been asked to provide the distribution of parameter Pr 
inverse, would they have proposed … 
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… the probability distribution corresponding to the inverse of the one 
chosen by the GRNC for parameter Pr (case 1)? 

… a triangular probability distribution with a minimum of 1/30, a mode 
of 1/20 and a maximum of 1/10 (case 2)? 

… a triangular probability distribution with a mode of 1/20 (0.05) and 
minimum/maximum of +/- 50 % (case 3)? 

 
The influence of these various choices on the concentration obtained in root 
vegetables by root transfer (Aroot) was quantified. As Arootnominal is the 
activity obtained with a deterministic calculation where Pr = 20 cm, for 
case 1: Aroot is included in the range [0.745 x Arootnominal; 1.520 x 
Arootnominal]; for case 2: Aroot is included in the range [0.815 x Arootnominal; 
1.741 x Arootnominal]; for case 3: Aroot is included in the range [0.658 x 
Arootnominal; 1.342 x Arootnominal].  
This example is not intended to make a decision with respect to the choice to 
be made for value distribution of the parameter Pr to be used in the 
calculations. The interest of this example is to show the possible underlying 
consequences of this choice and that beyond this illustrating example; the 
basic questions raised are as follows: how can subjective knowledge be taken 
into account ("approximately" being a formulation example) in uncertainty 
calculations? 
Resorting to the possibility theory (Dubois et al., 2000) constituted the answer 
to that latest question. In fact, uncertainties encountered in the GRNC works 
mainly result from knowledge incompleteness and inaccuracy and the expert’s 
opinion finally appeared as necessary so as to make up for the lack of 
knowledge. Since the possibility theory was developed so as to obtain an 
approximate reasoning somewhat similar to human reasoning (Zadeh, 1975), 
this theory appeared as the means of simultaneously processing numeric and 
symbolic knowledge as the expert’s opinion (Bouchon-Meunier, 1995) (Dubois 
et al., 2000). 
These considerations lead the GRNC to implement a so-called possibilistic 
method combining probability and possibility so as to assess calculation 
uncertainties for radio-induced leukaemia risk. This approach is consistent 
with the fact that the parameter distribution choice often expresses the lack 
of knowledge and the intervention of the expert’s opinion. With this method, 
it was possible to minimise some problems set by the parameter independence 
assumption. In particular, uncertainties on the result do not decrease anymore 
when the number of uncertain parameters increases and the risk value 
distribution is broader. 
Two risk value distributions, one from the probabilistic method and the other 
from the possibilistic method, could thus be obtained for the risk to develop a 
leukaemia for young people between 0 and 24 years old in the Nord-Cotentin 
region due to radioactive releases from local nuclear facilities. Thanks to this 
dual approach, it was possible to conclude that uncertainty calculation results 
do not question the order of magnitude of the reference risk initially 
calculated by the GRNC. The broadest range of possible risk value shows that 
it is unlikely that routine releases from nuclear facilities in the Nord-Cotentin 
region may explain the high incidence of the number of leukaemias noted, for 
the 1978-96 period, in young people from 0 to 24 years old in La Hague 
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district (4 cases reported compared to 2 expected) (GRNC, 2002) (Rommens et 
al., 2002). 
 
Toward the development of a new uncertainty processing framework 
In order to generalise the work initiated in the scope of GRNC works and to 
propose a rigorous framework to process the inaccurate knowledge applied to 
the risk assessment field, a collaboration between the Bureau de Recherches 
Géologiques et Minière (BRGM) the Institut National de l’Environnement 
Industriel et des Risques (INERIS), the Université Paul Sabatier of Toulouse 
(Institut de Recherche en Informatique de Toulouse, IRIT) and the Institut de 
radioprotection et de Sûreté Nucléaire (IRSN) was set up. The work objectives 
for the IRSN were as follows: to pursue the reflection started by the GRNC on 
the use of mathematic tools other than probability distributions to represent 
and propagate uncertainties and think about a more rigorous integration of 
dependencies between input data of uncertainty analysis. In particular, the 
work consisted of assessing the interest of resorting to Dempster-Shafer's 
most recent theories (Demspter, 1967) (Shafer, 1976) and of studying the 
possibilities and limits of their application to the radioecology and 
radioprotection fields. This work was carried out in two steps: first, the 
development of a rigorous mathematic framework to combine the various 
mathematic tools, then the application to an example (Baudrit et al., 2005a). 
Other environmental application examples are proposed in (Baudrit, 2005), 
but they are not developed in this document. 
The various mathematic theories and the tools available to process 
uncertainties are successively examined, explaining their interest for 
radioprotection, on the one hand, and looking for the limits of their use, on 
the other hand. 
 
Introduction to the various tools 
The uncertainty on parameters of the models used in risk assessment may 
have two origins. The information actually available may be of a random 
nature due to a natural variability resulting from stochastic phenomena 
(pluviometry, flowrate of a river, number of days of sunshine, etc.). It can also 
have an inaccurate nature due to the lack of information (root depth, period 
of suppression due to biological decay in a plant, harvesting date, etc.). 
Available mathematic tools are then put in perspective of both natures of 
information. 
 
Interval calculation 
Interval calculation is frequently used to perform error calculations. 
Uncertainties are then represented in the form of value intervals and error 
calculation amounts to performing a worst case and best case calculation. The 
interest of this method lies in its simplicity. The main drawback with this type 
of calculation is its little informative nature in terms of uncertainty 
quantification; in particular, it does not allow quantification of the extent to 
which a risk threshold may be exceeded. 
 
Probability theory 
The probability theory is traditionally used by statisticians. Uncertainties are 
then represented by means of probability distributions and the most common 
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propagation technique is the Monte-Carlo method. This theory is suitable to 
deal with variability but it does not account correctly for inaccuracy and 
incompleteness. In fact, using a form of accurate probability distribution 
(normal, log-normal, etc.) when the knowledge is incomplete rests on a 
subjective and partly arbitrary choice. 
 
P-box 
It is also possible to define a probability distribution with its distribution 
function, also called cumulative probability. Then, a natural model indicating 
approximation of an imperfectly known probability distribution consists of 
considering an F* and F* pair of high and low distribution functions that 
encompasses the imperfectly known probability distribution and then defines 
a probability family (Figure 2). The deviation between both distribution 
functions indicates information incompleteness. This interval, called p-box 
(Ferson, 2003), corresponds to an extension of the interval calculation 
mentioned above. 
 

1 2
0

1

0.5
F*F* Deviat ion due t o t he 

incomplet eness of  
inf or mat ion

 
Figure 2: Representation of a p-box 

 
Possibility theory 
A possibility distribution is a mathematic tool that naturally shows the format 
of information given by an expert when he proposes a value interval inside 
which he is certain that the value looked for is. Inside this interval, the expert 
proposes preferred intervals that seem more likely to him. With these 
preferences, it is possible to define increasingly limited embedded intervals 
which define a piece of information that is more accurate, but incidentally 
less certain (Figure 3). 
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Figure 3: Representation of a possibility distribution 
 
Belief function theory 
Shafer’s belief function theory (Shafer, 1976) provides mathematic tools with 
which random and inaccurate information can be processed. Then, the 
information is represented as weights (probability weights), allocated to value 
intervals that can be embedded or not and the entire knowledge is synthesised 
by means of a weight distribution also called belief function. Any probability 
distribution and any possibility distribution can be represented by means of 
such a function with the advantage that a common framework is used to 
process the information, whether it is random (natural variability) or 
inaccurate (expert's opinion). 
 
General framework for uncertainty propagation 
The general framework grouping all these tools is the inaccurate probability 
field (Walley, 1991). This unified framework is particularly important from a 
technical viewpoint since it allows combination of the various types of 
knowledge and therefore propagation of the various types of related 
uncertainties (variability, inaccuracy, incompleteness of knowledge, etc.). 
This framework is also useful in terms of communication since it enables 
translation of the result of these complex mathematic tools into probability 
distribution, which are tools more frequently used by scientists (Baudrit et al., 
2005b). In this framework, Guyonnet et al. (2003) developed a hybrid method 
combining possibilistic calculation with so-called Monte-Carlo technique, a 
method which was used in our application. 
 
Application in the field of radioecology 
One of the main operational results of this work was to propose a typology of 
mathematic tools as a function of the available knowledge and to study 
application of this typology to the knowledge available. This general typology 
as well, as the resulting typology applied, is shown in Figure 4. 
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Figure 4 shows the mathematic tools that are most adapted according to 
available knowledge; for example, as regards the root depth (Pr) parameter 
mentioned above, insofar as the main source of information is literature, the 
representation proposed is a possibility distribution whose shape is 
triangular, considering the information available to determine characteristic 
values of this distribution. With respect to other parameters for which 
knowledge is based on numerous measurement results showing that the main 
uncertainty is the natural variability (for this work, more than 200 
measurements of the soil density were available), the proposed representation 
is a probability distribution. The form and characteristic values of the 
distribution are then obtained from statistic processing of the measurement 
results. 
 

Mathematic model Knowledge 

Probabilities Significant sample 
Theoretical knowledge 

P-boxes Inaccurate parametric model 
Small-sized sample 

Possibilities 
Experts opinion 

[min, max] 
[min, mode, max] 

Belief function All information which combines 
variability and inaccuracy 

 
 
         
 

 
Figure 4: Knowledge / Mathematic tools typology and application to the 

radioecology field 
 
This typology was used to perform transfer calculation for a radionuclide 
(strontium 90, 90Sr) from an atmospheric fallout to man, through the 
consumption of food (cow milk). The transfer model equations and the 
parameter values are presented in (Mercat-Rommens et al. 2004). In this 
calculation, the radioactive contaminant fallout (in Becquerel (Bq)) is 
considered as homogeneously distributed over the year and integrally in the 
form of dry fallout. The plants contaminated by the fallout are the fodder 
constituting the food intake of the dairy cow: grass and corn silage. The cow 
milk is then contaminated by the food metabolism of the cow. Finally, man is 

Example of parameter Source of information Suggested 
representation 

Root depth Literature Triangular possibility 
Soil density Numerous measurements Normal probability 

Interception ratio Literature  Uniform possibility 
(= Interval) 

Biological decay 
Expert's opinion, a few 

measurements, 
literature 

Trapezoid possibility 
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contaminated through the ingestion of cow milk and the final result of the 
proposed calculation is the annual dose by ingestion of 90Sr-contaminated cow 
milk expressed in Bq.year-1. This calculation was successively performed 
through various approaches (Figure 5):  

− Deterministic approach using a fixed value for each parameter 
leading to the so-called "reference" result, 

− Approach by interval leading to a result in the form of an interval 
between the so-called "minimum" dose and a so-called "maximum" 
dose, 

− Probabilistic approach ("merely probabilistic case") where each 
parameter is represented by a probabilistic distribution leading to a 
result represented by a unique probabilistic distribution, 

− So-called "hybrid" approach using the typology applied to 
radioecology mentioned above and leading to a result represented by 
a low probability and a high probability (Guyonnet et al., 2003, 
Baudrit et al., 2005b).  

 

Deviat ion bet ween t he percent iles 5 and 95

Deviat ion bet ween the 
percent iles 5 and 95

St r ont ium dose ingest ed (Bq.year -1)

Pr obabilit y (ingest ed dose > t hr eshold)

Ref erence: 1,4.10- 2

Probablist ic approach
Low probabilit y
High probabilit y
« Maximum dose »: 557

« Maximum » dose

Deviat ion bet ween t he percent iles 5 and 95

Deviat ion bet ween the 
percent iles 5 and 95

St r ont ium dose ingest ed (Bq.year -1)

Pr obabilit y (ingest ed dose > t hr eshold)

Ref erence: 1,4.10- 2

Probablist ic approach
Low probabilit y
High probabilit y
« Maximum dose »: 557

« Maximum » dose

 
 
Figure 5: Effect of uncertainty representation around parameters on the result 

in terms of ingested dose 
 
The results from Figure 5 allow comparison between uncertainties obtained on 
the result in terms of ingested 90Sr dose according to the various approaches. 
The probabilistic approach leads to underrate the total uncertainty by a 
factor of about 10 with respect to the approach using representation typology 
that takes the knowledge available on model parameters into account. This 
deviation could generate a different decision-making in the case when the 
allowable limit for the ingested dose would be around 0.4 Bq.year-1 (fictitious 
value proposed for didactic purpose). The probabilistic approach would then 
conclude that the probability of exceeding the threshold is quite impossible 
because it is inferior to the set value of 5 %, whereas this same probability 
may reach 45 % when the knowledge inaccuracy around parameters is taken 
into account. 
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Conclusion 
This work highlighted the fact that the systematic use of probability 
distributions to represent environmental knowledge is often subjective and 
arbitrary and may lead to underrate the risk for the populations. In order to 
overcome this problem, the possibilities of resorting to various uncertainty 
theories were studied (probabilities, possibilities, belief functions, p-boxes). 
This required mathematic developments to propose tools that could be used 
for the representation and propagation of knowledge available in 
environmental sciences. With this work, it was possible to promote 
consistency between the way in which the information is mathematically 
represented and the information actually available, and to propose 
substitution methods for probabilities so as to represent and propagate 
uncertainties. Nevertheless, the work on the theories must be carried on so as 
to develop the means of an easiest use and the resort to other functionalities 
such as fuzzy sensitivity analysis, inverse calculations, etc., Furthermore, a 
significant effort is expected so as to facilitate the use of these tools in the 
scope of decision-making. Attempts to make these tools available to the 
scientific community through the IRSN's SUNSET  software (Chojnacki and 
Ounsy, 1996) or BRGM's Hyrisk courseware (Guyonnet et al., 2005) must be 
carried on.  
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