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Tuesday, June 21, 2005 
 
 
 

 

08H30 – 09H30 REGISTRATION 

 
 

 

TIME-TABLE TOPICS SPEAKERS 

 OPENING SESSION  

09H30-11H00 
Welcoming address 

Practical information 
Introductory Paper: Objective of the Workshop 

DEVICTOR Nicolas (CEA), 
MOULIN Valérie, (CEA), 
BOLADO-LAVIN Ricardo 
(EC/JRC)  

11H00-11H30 Coffee-break  

11H30-12H30 LECTURE 1: Calibration and combination GOOSSENS Louis  
(TU Delft) 

12H30-14H00 Lunch  

SESSION 1 ELICITATION OF EXPERTISE  

14h00-14h30 The quality of expert judgement: an interdisciplinary 
investigation 

FORRESTER Yashika 
(University of Maryland) 

14H30-15H00 Recent applications of the Delphi Method in Social Sciences 
LANDETA RODRIGUEZ.Jon 
(University of the basque 
country) 

15H00-15h30 Ancillary tools to help experts providing opinions BOLADO-LAVIN R (EC/JRC) 

15H30-16H00 Modelling and eliciting expert knowledge with fictitious data CELEUX Gilles (INRIA) 

16H00-16H30 Coffee-break  

SESSION 2 COMBINING EXPERTISE  

16H30-17H00 Learning Expert decision-making Neuro-fuzzy inference 
system : performance and intelligibility 

CORNEZ  Laurence (ONERA) 

17H00-17H30 Combining expert judgements in the Bayes Linear Methodology 
WISSE Bram (University of 
Strathclyde) 

 

 
2



 

 
 

Wednesday, June 22, 2005 
 
 
 

08H30–09H00 REGISTRATION 
 
 
 

TIME-TABLE TOPICS SPEAKERS 

9H00-10H00 Lecture 2: About the reliability data (Bayesian approach, 
analogies) 

BILLY François (EDF/R&D) 

SESSION 3 EXPERT KNOWLEDGE MANAGEMENT  

10H00-10H30 A methodological guideline for expert-operator knowledge 
managementin the food industry 

PERROT Nathalie 
(REQUALA) 

10H30-11H00 Use of human at-site evaluations in decision-making: from 
food engineering to civil engineering 

CURT Corinne (CEMAGREF) 

11H00-11H30 Coffee-break  

11H30-12H00 How deriving benefits from expert advices to make the right 
choice in multi-criteria decisions based on the choquet 
integral 

MONTMAIN Jacky 
(CEA,EMA) 

12H00-12H30 Using Expert judgement with MERMOS: From Static 
Assessment towards Knowledge Capitalization 

LE BOT Pierre (EDF,R&D) 

12H30-14H00 Lunch (Buffet)  

SESSION 4 INDUSTRIAL APPLICATIONS  

14H00-14H30 Application of formal expert judgement to the evaluation of 
structural reliability 

SIMOLA Kaisa (EC/JRC) 

14H30-15H00 
AVISE, an Anticipation Methodology using Expert 
Judgement for the Life Cycle Management of Ageing 
Structures, Systems and Components 

BOUZAIENNE-MARLE Leila 
(ECP) 

15H00-15H30 A protocol for integrating REX and expert data in a study of 
durability  

BOUSQUET Nicolas (INRIA) 

15H30-16H00 Quantifying the value of measures to improve forced 
unavailability of power plants 

WELS H.C (NRG) 

16H00-16H30 Coffee-break  

 ROUND-TABLE  

16H30-18H00 IMPACT OF THE EXPERT JUDGEMENT 
ON THE PROJECT MANAGEMENT  

RAIMONDO EMILIO 
(ASSETMAN SAS) 
HAUGE LARS HARALD 
(DNV) 
MUNIER BERTRAND 
(CNRS), 
ALLELEIN HANS-JOSEF 
(GRS) 
MERAD MYRIAM (INERIS) 
LA LUMIA VIRGILE 
(TECHNICATOME) 
HAMY JEAN-MARIE 
(FRAMATOME ANP) 
DEVICTOR NICOLAS 
(CEA) 

20H00-22H00 

DINNER 
RELAIS SAINTE VICTOIRE 

13100 Beaurecueil 
Phone : +33 (0) 4 42 66 94 98 
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Thursday, June 23 , 2005 
 
 
 

08H45–09H00 REGISTRATION 
 
 
 
 

TIME-TABLE TOPICS SPEAKERS 

09H00-10H00 Lecture 3: Expert judgement elicitation on probabilistic 
accident consequence codes 

GOOSENS Louis (TU Delft) 

Session 5 APPLICATIONS RISK ANALYSIS AND DECISION-
MAKING PROCESS 

 

10H00-10H30 
A simple Bayesian proposal to aggregate expert judgement 
and observations on epistemic and aleatory uncertainties-
extensions and associated industrial needs 

DE ROQUIGNY Etienne 
(EDF, R&D) 

10H30-11H00 From expert judgement to decision-making in the major risk 
management process around SEVESO sites in France 

MERAD Myriam (INERIS) 

11H00-11H30 Coffee break  

11H30-12H00 ASSET Management: A case of cost/risk decision-making 
process 

RAIMONDO Emilio 
(ASSETSMAN) 

12H00-12H30 Assessment of risk and uncertainty in situations of technology 
choice  

HAUGE Lars Harald 
(DNV) 

12H30-14H00 Lunch  

14H00-16H00 DISCUSSION AND CLOSING SESSION 

Chairmen: 
DEVICTOR Nicolas 
(CEA), 
BOLADO-LAVIN Ricardo 
(IE/JRC) 
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Workshop on the Use of Expert 
Judgement 

in Decision-Making

June 21-22-23, 2005
Aix-en-Provence
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Workshop on the Use of Expert Judgement in Decision-Making, Aix-en-Provence, 2005

Why this workshop ?
1.Common motivation for 

CEA : Risk Control domain of the Nuclear Energy Division
JRC/Institute of Energy  

2.Bibliographical study → large variety of Expert Judgement approaches 
which currently exists for different types of application: 

a) Reliability and dependability data for innovative technological systems 
small databases or none 
Can we deduce useful information from other technologies ?
Combining information from databases and experts

b) Environmental studies
a lot of uncertainties about data and models  

c) PSA for innovative systems
a lot of uncertainties about data and models

d) Surveillance/maintenance of ageing structures and systems, etc.

3.Maybe not a consensus about:
a) the uncertainty in deciding which approach is most appropriate for a given 

application;
b) the way to use results in a decision-making;
c) the communication “vis-à-vis” d’un public non expert…
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Workshop on the Use of Expert Judgement in Decision-Making, Aix-en-Provence, 2005

Which uncertainties ?

Physical
phenomenon

Theory

Human understanding
Simplifications

…

Equations

« Mathematics »

Computer code

Numerical scheme
Convergence conditions

…

Input variables

Model parameters

Output variables
Meanings ?
Variability ?
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Workshop on the Use of Expert Judgement in Decision-Making, Aix-en-Provence, 2005

Uncertainties in a process

Different frameworks and tools 
for a coherent and rational 
treatment of uncertainties in 
decision-making process.

Data

Modelling of uncertainties on physical 
variables and parameters

Acceptance criterion

Uncertainties on : 
- physical variables
- model parameters
- models

Uncertainty on responses
Most influential variables
Calibration of parameters

Process (codes,
experiences…)
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Workshop on the Use of Expert Judgement in Decision-Making, Aix-en-Provence, 2005

Elements of bibliographics
1. Different kinds of uncertainties

a) Aleatory versus epistemic uncertainties
b) Different cases of quality of information

• Large database, small database
• With or without expert judgment
• Homogeneous data or not 
• What is the best model for modelling the uncertainties?

2.Different kinds of modelling
a) Probability theory
b) Evidence theory
c) Possibility theory
d) Interval analysis 
e) Fuzzy inference systems
f) Bayesian networks
g) etc. 
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Workshop on the Use of Expert Judgement in Decision-Making, Aix-en-Provence, 2005

Elements of bibliographics
3.Examples of challenges

1. Conversion of available information into the mathematical structures 
used to represent epistemic uncertainties. For many  analyses, this is 
likely to involve some type of expert review or elicitation procedure.

2. Aggregation of information from multiple sources into a single 
representation of uncertainty 

• The choice of the method will have a strong impact about results of 
a study.

3. Presentation and interpretation of uncertainty results

Examples of references: 
– RESS vol. 85, n°1-3, 2004, special issue from a workshop in 2002.
– A. Lannoy & H. Procaccia. L’utilisation du jugement d’expert en sûreté

de fonctionnement. Collection Recherche et Développement d’EDF. 
Edition Lavoisier Tec&Doc, 2001

– EUR 18820. Procedures guide for structured expert judgment. 2000
– USNRC. Guidance on uncertainty and use of experts. 1997
– R. Cooke. Experts in uncertainty. Oxford Univ. Press. 1991

New results in this field since 2002.
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Workshop on the Use of Expert Judgement in Decision-Making, Aix-en-Provence, 2005

Objectives of the workshop
To provide a forum for:

– presentation 
– and discussion 

of all aspects of existing approaches in this area (theoretical talks 
and descriptions of applications).

To provide a forum for cross-comparison of their capabilities and 
requirements on the basis of practical applications. 

To provide an opportunity for sharing of experiences across 
industrial sectors, including:

– good practice 
– identification of problem areas and open questions

⇒ This is the reason for a final session (Thursday afternoon).
11



Workshop on the Use of Expert Judgement in Decision-Making, Aix-en-Provence, 2005

About the participation
About 60 persons

From France From Foreign 
Countries

37 20

Industry Technical
support R&D University

15 6 21 15
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Workshop on the Use of Expert Judgement in Decision-Making, Aix-en-Provence, 2005

Description of the program (1)
• 3 lectures

1. Calibration and combination (L. Goossens and R. Cooke)
2. About the reliability data (F. Billy)
3. Expert judgment elicitation on probabilistic accident consequences 

codes (L. Goossens)

• 1 round-table “Impact of the expert judgment on the project 
management”

– in order to share experiments on the impact of the expert judgement 
on the project management and on the project risks

– Underlying question: how can we verify that the experts are implied 
at the good time in the course of the project.

• Discussion and closing session

13



Workshop on the Use of Expert Judgement in Decision-Making, Aix-en-Provence, 2005

Description of the program (2)
4 technical sessions

We have tried to define coherent session as much as possible !

Session 1 : elicitation of expertise and combining expertise
• 6 papers
• Introduced by the 1st lecture 
• Link with the 2nd lecture (Wednesday morning)
• Papers are relied to techniques for modelling expertise and 

obtain “credible” inputs for applications and decision-making 
processes.

• Mainly papers from university and R&D companies.
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Workshop on the Use of Expert Judgement in Decision-Making, Aix-en-Provence, 2005

Description of the program (3)
Session 2 : expert knowledge management

• 4 papers
• Different topics :

Food industry
Civil engineering 
Human factor in nuclear engineering
Applications in multi-criteria decision on Internet

Session 3 : industrial applications
• 4 papers
• Different topics :

Structural reliability 
Ageing structures, systems and components – life cycle 
management 
Durability
Optimisation of availability
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Workshop on the Use of Expert Judgement in Decision-Making, Aix-en-Provence, 2005

Description of the program (4)
Session 4 : applications risk analysis and decision-making    

process
• 4 papers
• Different topics :

Bayesian framework for uncertainties with links of industrial 
needs 
Risk management around Seveso sites in France 
Impact in cost/risk decision-making process
Decision-aiding in technology choice
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Workshop on the Use of Expert Judgement in Decision-Making, Aix-en-Provence, 2005

Practical information (1)

• For all the 3 days, we use this « country house » 
• Coffee-break will be around this room (half an hour – sufficient 
time for exchanges)
• Lunch -> an independent room is reserved.
• Internet : “wifi access” or “phones grip modem”

• Proceedings will be finalized after the workshop (it will include a 
summary of the conclusions)
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Workshop on the Use of Expert Judgement in Decision-Making, Aix-en-Provence, 2005

Practical information (2)
• For your evenings !

– This evening : « fête de la musique : exhibition road music day ». 
A lot of animations downtown. 

– Wednesday, we invite you to a dinner in a famous restaurant 
around Aix-en-Provence at the bottom of the St Victoire
Mountain.
Bus - departure time : 7:00 pm 

• Thanks a lot for Brigitte, Danièle and Belinda for their help for 
all logistical aspects and so on …
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Expert judgement – Calibration and combination 

Louis H.J. Goossens and Roger M. Cooke       
Delft University of Technology, Delft, the Netherlands 
 
 

 
 

 

1 INTRODUCTION 
 

The Governmental bodies are confronted with the 
problem of achieving rational consensus in the face 
of substantial uncertainties. The area of accident 
consequence management for nuclear power plants 
affords a good example. Decisions with regard to 
evacuation, decontamination,  and food bans must 
be taken on the basis of predictions of environ-
mental transport of radioactive material, contamina-
tion through the food chain, cancer induction, and 
the like. These predictions use mathematical models 
containing scores of uncertain parameters.  Decision 
makers want to take, and want to be perceived to 
take, these decisions in a rational manner. The ques-
tion is, how can this be accomplished in the face of 
large uncertainties? Indeed, the very presence of 
uncertainty poses a threat to rational consensus. De-
cision makers will necessarily base their actions on 
the judgments of experts. The experts, however, 
will not agree among themselves, as otherwise we 
would not speak of large uncertainties. Any given 
expert's viewpoint will be favorable to the interests 

of some stakeholders, and hostile to the interests of 
others.  If a decision maker bases his/her actions on 
the views of one single expert, then (s)he is invaria-
bly open to charges of partiality toward the interests 
favored by this viewpoint.   

An appeal to 'impartial' or 'disinterested' experts 
will fail for two reasons. First, experts have inter-
ests; they have jobs, mortgages and professional 
reputations. Second, even if expert interests could   
somehow be quarantined, even then the experts 
would disagree. Expert disagreement is not ex-
plained by diverging interests, and consensus can-
not be reached by shielding the decision process 
from expert interests. If rational consensus requires 
expert agreement, then rational consensus is simply 
not possible in the face of uncertainty. 

If rational consensus under uncertainty is to be 
achieved, then evidently the views of a diverse set 
of experts must be taken into account. The question 
is how? Simply choosing a maximally feasible pool 
of experts and combining their views by some 
method of equal representation might achieve a 
form of political consensus among the experts in-

 

ABSTRACT: Governmental bodies and companies are confronted with the problem of achieving rational 
consensus in the face of substantial uncertainties. Decisions with regard to risks of technical systems must be 
taken on the basis of predictions of technical and organisational system behaviour. These predictions use 
mathematical models containing scores of uncertain parameters. Decision makers want to take, and want to 
be perceived to take, these decisions in a rational manner. The question is, how can this be accomplished in 
the face of large uncertainties? One available source is experts in the many fields of interest. This paper 
describes the use of structured expert judgement in a formal manner, in particular addressing the issues of 
calibrating experts and optimising the combined assessments of a panel of experts. The paper refers to the 
Procedures Guide of Structured Expert Judgement (Cooke and Goossens 2000) published by the European Union 
as EUR 18820. This Procedures Guide addresses two methods for using expert judgements developed at Delft 
University of Technology. The Classical model is able to provide rational probability assessments, because of its 
use of so-called seed variables. Assessments of seed variaables are asked from experts. The realizations of the 
seed variables are known by the analysts, but not by the experts. Examples will be referred to for further 
illustration of applications relevant in the field of risk assessment.  
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volved, but will not achieve rational consensus. If 
expert viewpoints are related to the institutions at 
which the experts are employed, then numerical 
representation of viewpoints in the pool may be, 
and/or may be perceived to  be  influenced by the 
size of the interests funding the institutes.  

Rational consensus is attainable in the face of 
large uncertainties if stakeholders commit in ad-
vance to the method by which expert views are se-
lected and combined. Once committed to the 
method of selection and combination, a stakeholder 
cannot rationally reject the results post hoc without 
breaking his prior commitment. Such rejection 
would incur an additional burden of proof: explain 
why the method itself is not sufficient for rational 
consensus and why the prior commitment to the 
method should not have been made. 

In general, rational decision making requires a 
quantification of the uncertainties. Therefore expert 
input to a rational decision process  must take the 
form of quantified expert uncertainties. Expert 'best 
estimates' will not suffice, as these will not indicate 
how much the actual (unknown) values may plausi-
bly differ from the 'best estimates'.  In our view ex-
pert uncertainties should be quantified as subjective 
probability distributions. 

This paper examines the properties which such a 
method must have. The method of selection of ex-
perts is discussed extensively in e.g (Cooke and 
Goossens 2000), and will not be discussed here. 
This paper focuses on the method of combination of 
experts’ assessments. Background studies are sum-
marized in section 2. What is undertainty? is briefly 
explained in section 3. Necessary conditions for ra-
tional consensus using expert judgment are dis-
cussed in section 4. Section 5 provides an overview 
of forms in which expert judgements may be cast. 
Section 6 discusses the issue of performance meas-
ures and section 7 describes the implementation of 
these principles in terms of seed questions for the 
experts. Section 8 summarizes 3 examples of expert 
judgement studies and finally section 9 gathers con-
clusions. Part of the texts in this document come 
from Cooke et al (1999) and Goossens and Cooke 
(2001).  

 
 

2 BACKGROUND OF EXPERT JUDGEMENT 
 

The first study which used expert judgements ex-
tensively, was WASH 1400 (USNRC 1975), to 
meet data requirements for the risk assessment of 
nuclear power plants. Data handbooks also used ex-
pert judgements (IEEE STD 500 1977, T-book 
1994). The first extensive risk assessment study of 

chemical installations (Canvey Island 1978) made 
use of data mostly coming from expert judgements. 
The NUREG 1150 study (USNRC 1990) was the 
first attempt of a structured and well-thought proce-
dure for the whole expert elicitation process. Al-
most a decade later Guidance on uncertainty and 
use of experts (USNRC 1997) was published, at the 
time the USNRC-CEC study on Expert judgement 
and accident consequence uncertainty analysis 
(Goossens and Kelly 2000) started. This latter study 
led to the publication of the Procedures guide on 
structured expert judgement (Cooke and Goossens 
2000).  

Behavioural and mathematical approaches are 
available for the elicitation and aggregation of indi-
vidual experts’ assessments (Clemen and Winkler 
1999). Mathematical aggregation methods construct 
a single “combined” assessment per variable by ap-
plying procedures or analytical models that operate 
on the individual assessments. In contrast, behav-
ioural aggregation methods involve interaction of 
the experts with a view to accomplishing homoge-
neity of information of relevance to the experts’ as-
sessments of the variables of interest. Through this 
interaction, some behavioural approaches, e.g., 
Kaplan’s expert information approach (Kaplan 
1992), aim at obtaining agreement among the ex-
perts on the final probability density function ob-
tained per variable. In others, e.g., approaches dis-
cussed by Budnitz et al (1998) and by Keeney and 
Von Winterfeldt (1989) the interaction process is 
followed by simple mathematical combining, such 
as equal weighting, of the individual experts’ as-
sessments in order to obtain a single (aggregated) 
probability density function per variable. Fixed in-
teraction procedures can be applied, or alternatively, 
the study team could design a dedicated procedure 
to suit a particular application. Both mathematical 
approaches with some modelling and behavioural 
approaches seem to provide results that are inferior 
to simple mathematical combination rules (Clemen 
and Winkler 1999). Furthermore, a group of experts 
tends to perform better than the average solitary ex-
pert, but the best individual in the group often out-
performs the group as a whole (Clemen and 
Winkler 1999). This motivates the elicitation of the 
assessments of individual experts without any inter-
action, followed by simple mathematical aggrega-
tion in order to obtain a single assessment per vari-
able, thereby weighting the individual experts’ 
assessments based on their quality. 

Over the last twenty years the Delft University 
of Technology has developed methods and tools to 
support the formal application of expert judgement. 
Several applications were made for both chemical 
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substances and nuclear accident consequence as-
sessments, among other fields of interest. Tech-
niques can be applied to give quantitative assess-
ments or qualitative and comparative assessments. 
The former give rise to assessments of uncertainty 
in the form of probability distributions, from which 
nominal values of parameters can be derived for 
practical applications. The latter lead to rankings of 
alternatives. Over 25 cases of expert judgement 
have been executed with the Delft method, about 
30,000 elicitation questions were answered. Exam-
ples are flange leaks, crane risks, space shuttle pro-
pulsion, and composite materials, space devris, 
groundwater transport, several nuclear conse-
quences (see section 8, example 3), toxicity of 
chemical substances (see section 8, example 2), wa-
ter pollution (see section 8, example 1), corrosion in 
gas pipelines, moveable barriers flood risks, river 
channel risks, volcano predictions, dike ring fail-
ures, bovine diseases, Campylobacter in chicken 
processing industries, falls from ladders, option 
trading, and prime rent predictions. 

The resources required for an expert judgement 
study vary greatly depending on size and complex-
ity of the study. A trained uncertainty analyst is re-
quired for defining the issues and processing the re-
sults. Past studies have used between four and 
twenty experts. The amount of expert time required 
for making the assessments depends on the subject 
and may vary between a few hours and a week, per 
expert. Total time required for studies in the past 
varies between one man-month to one man-year. 
Other variables determining the resource commit-
ment are travel, training given to experts in subjec-
tive probability assessments and level of documen-
tation. Processing and write up of the results are 
greatly facilitated by software support. 

 
 

3 WHAT IS UNCERTAINTY? 
 

The“Uncertainty is that which is removed by 
becoming certain”. In practical scientific and 
engineering contexts, certainty is achieved through 
observation, and uncertainty is that which is removed 
by observation. Hence uncertainty is concerned with 
the results of possible observations. Uncertainty must 
therefore be distinguished from ambiguity. Ambiguity 
is removed by linguistic conventions regarding the 
meaning of words. To be studied quantitatively, 
uncertainty must be provided with a mathematical 
representation, for instance, as probability.  

Within the subjective interpretation of probability, 
uncertainty is a degree of belief of one person, and can 
be measured by observing choice behaviour. Viewed 

from the theory of rational decision an assessor’s 
probabilities are as good as another assessor’s 
probabilities. There is no rational mechanism for 
persuading individuals to adopt the same degrees of 
belief.  

A structured uncertainty analysis is indicated for a 
decision problem when the following features are 
present: 
• Decision making is supported by quantitative 

models. 
• The modelling is associated with potentially large 

uncertainties. 
• The consequences predicted by the models are 

associated with utilities and disutilities in a non-
linear way (threshold effects are the most 
common instance of this). 

• The choice between alternative courses of action 
might change as different plausible scenarios are 
fed into the quantitative models. 

Expert judgement has always played a large role in 
science and engineering. Increasingly, expert 
judgement is recognised as just another type of 
scientific data, and methods are developed for treating 
it as such. For applications in uncertainty analysis, we 
are mostly concerned with random variables taking 
values in some continuous range. Strictly speaking, 
the notion of a random variable is defined with respect 
to a probability space in which a probability measure 
is specified, hence the term "random variable" entails 
a distribution. We therefore prefer the term "uncertain 
quantity", which assumes a unique real value, but we 
are uncertain as to what this value is. Our uncertainty 
is described by a subjective probability distribution 
for uncertain quantities with values in a continuous 
range. 

In the absence of sufficient field or experimental 
data it is important that the expert assessments are 
subjected to some kind of performance measure. The 
measures of performance used apply to discrete events 
and uncertain quantities. They are designed to be 
objective and (largely) scale invariant, so that 
performance on different sets of variables measured 
on different scales can be compared. Moreover, 
performance measures should be conservative in the 
sense that they tie in closely with familiar notions for 
measuring performance in other areas. They require 
that experts assess variables whose values become 
known to the experts post hoc. These variables are 
termed “performance variables”, “calibration 
variables” or “seed variables”. Performance is 
measured in two dimensions, namely calibration and 
informativeness (see section 8). 

When expert judgements are cast in the form of 
distributions of uncertain quantities, the issues of con-
ditionalisation and dependence are important. When 
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uncertainty is quantified in an uncertainty analysis, it 
is always conditional on something. It is essential to 
make clear the background information conditional on 
which the uncertainty is to be assessed.  

The Procedures Guide document (Cooke and 
Goossens 2000) provides details of the protocol for 
a full expert judgement exercise. The protocol refers 
in particular to expert judgement exercises with the 
aim of achieving uncertainty distributions for 
uncertainty analyses. In that field of application the 
methods developed at Delft University of 
Technology have benefited from experiences gained 
with expert judgement in the US with the NUREG-
1150 protocol. For sake of clarity, the Procedures 
Guide represents a mix of these developments and 
is not applicable for NUREG-1150 type 
applications only. The protocol consists of 15 steps 
(Table 1). 

 
Table 1. Steps in the protocol of structured expert judge-
ment as outlined in the Procedures Guide (Cooke and 
Goossens 2000) 
Preparation for Elicitation:      
(1) Definition of case structure           
(2) Identification of target variables          
(3) Identification of query variables      
(4) Identification of performance variables   
(5) Identification of experts         
(6) Selection of experts         
(7) Definition of elicitation format document  
(8) Dry run exercise    
(9) Expert training session    
 
Elicitation  
(10) Expert elicitation session      
 
Post-Elicitation      
(11) Combination of expert assessments  
(12) Discrepancy and robustness analysis     
(13) Feedback     
(14) Probabilistic inversion analyses 
(15) Documentation 

 
 

4 NECESSARY CONDITIONS FOR 
RATIONAL CONSENSUS USING EXPERT 
JUDGEMENT 

 
The goal of applying structured expert judgment 
techniques is to enhance rational consensus.  
Necessary conditions for achieving this goal are laid 
down as methodological principles (see Cooke 
1991) in Table 2. We claim that these are necessary 
conditions for rational consensus, we do not claim 
that they are sufficient as well. Hence, a rational 
subject could accept these and yet reject a method 
which implements them. In such a case, however, 
(s)he incurs a burden of proof to formulate 

additional conditions for rational consensus which 
the method putatively violates. 

The requirement of empirical control will strike 
some as peculiar in this context. How can there be 
empirical control with regard to expert subjective 
probabilities? To answer this question we must re-
flect on the question 'when is a problem an expert 
judgment problem?' We would not have recourse to 
expert judgment to determine  the speed of light in a 
vacuum. This is physically measurable and has been 
measured to everyone's satisfaction. Any experts we 
queried would give the same answer. Neither do we 
consult expert judgment to determine the existence 
of god. There are no experts in the operative sense 
of the word for this issue. A problem is susceptible 
for expert judgment, if there is relevant scientific 
expertise. This entails that there are theories and 
measurements relevant to the issues at hand, but the 
quantities of interest themselves cannot be meas-
ured in practice. For example, toxicity of a sub-
stance for humans is measurable in principle, but is 
not measured for obvious reasons. However, there 
are toxicity measurements for other species which 
might be relevant to the question of toxicity in hu-
mans.  Or again, we may be interested in the disper-
sion of a toxic airborne release at 50 km from the 
source. Although it is practically impossible to 
measure the plume spread at 50 km, it is possible to 
measure this spread at 1 km. If a problem is an ex-
pert judgment problem, then necessarily there will 
be relevant experiments which can in principle be 
used to enable empirical control.  

 
Table 2. Methodological principles of rational consensus 
as defined in the Procedures Guide (Cooke and Goossens 
2000) 
Scrutability/ 
Accountability  All data, including experts' names 

and assessments, and all processing 
tools are open to peer review and re-
sults must be reproducible by compe-
tent reviewers. 

Empirical control Quantitative expert assessments are 
subjected to empirical quality con-
trols. 

Neutrality  The method for combin-
ing/evaluating expert opinion should 
encourage experts to state their true 
opinions, and must not bias results. 

Fairness  Experts are not pre-judged, prior to 
processing the results of their assess-
ments 

 
 

5 STRUCTURED EXPERT JUDGEMENT 
 
This section gives a brief overview of methods for 
utilising expert judgement in a structured manner. 
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For more complete summaries see Hogarth (1987), 
Granger Morgan and Henrion (1990), and Cooke 
(1991).The subject is broken down according to the 
form in which expert judgement is cast. A final sub-
section addresses conditionalisation and depend-
ence. In all cases, the judgements of more than one 
expert are elicited. The questions of measuring per-
formance of experts and combining their judge-
ments are addressed more fully in succeeding sec-
tions.  

In the world of engineering technical expertise is 
generally separated from value judgements. Engi-
neering judgement is often applied to bridge the gap 
between hard technical evidence and mathematical 
rules on the one hand and unknown characteristics 
of a technical system. Numerical data have to be de-
rived suitable for the practical problem at hand. En-
gineers are quite able to provide these required en-
gineering data which are essentially subjective data 
driven by engineering models and experience. The 
same is true for expert judgements. Engineering 
models and experience largely drive the subjective 
experts’ assessments. That is why certain profes-
sionals become experts in certain fields of interest.  
 

5.1 Point values 

In earlier methods, most notably the Delphi method 
(Helmer 1966), experts are asked to guess the val-
ues of unknown quantities. Their answers are single 
point estimates. When these unknown values be-
come known through observation, the observed val-
ues can be compared with the estimates.  There are 
several reasons why this type of assessment is no 
longer widespread. 

First, any comparison of observed values and es-
timates must make use of some scale on which the 
values are measured, and the method of comparison 
must inherit the properties of the scale. For exam-
ple, percentages are measured on an absolute scale 
between 0 and 100; mass is measured on a ratio 
scale (values are invariant up to multiplication by a 
positive constant), wealth is often referred to an in-
terval scale (values are invariant up to a positive 
constant and a choice of zero). In other cases values 
are fixed only as regards rank order (an ordinal 
scale); a series of values may contain the same in-
formation as the series of logarithms of values, etc. 
To be meaningful, the measurement of discrepancy 
between observed and estimated values must have 
the same invariance properties as the relevant scales 
on which the values are measured. The meaning of 
"close" and "far away" is scale dependent. This 
makes it very difficult to combine scores for vari-
ables measured on different scales.  

A second disadvantage with point estimates is 
that they give no indication of uncertainty. Expert 
judgement is typically applied when there is sub-
stantial uncertainty regarding the true values. In 
such cases it is essential to have some picture of the 
uncertainty in the assessments.  

A third disadvantage is that methods for process-
ing and combining judgements are typically derived 
from methods for processing and combining actual 
physical measurements. This has the effect of treat-
ing expert assessments as if they were physical 
measurements in the normal sense, which they are 
not. On the positive side, point estimates are easy to 
obtain and can be gathered quickly. These types of 
assessments will therefore always have a place in 
the realm of the quick and dirty. For psychometric 
evaluations of Delphi methods see Brockhoff 
(1966) and Gustafson et al (1973), and see Cooke 
(1991) for a review.   
 

5.2 Paired comparisons 

In the paired comparison method, experts are asked 
to rank alternatives pair wise according to some cri-
terion like preference, beauty, feasibility, etc. If 20 
items are involved in total, 190 comparisons must 
be made; each item is compared with the 19 others. 
Since each item is compared with all the other 
items, there is a great deal of redundancy in the 
judgement data. Various processing methods are 
proposed for distilling a rank order from the pair 
wise comparison data. According to the method 
chosen and the availability of some measured val-
ues, the data can be further reduced to an interval or 
even a ratio scale. Paired comparisons were origi-
nally introduced for studying psychological re-
sponses (Thurstone 1927), and have been applied to 
consumer research (Bradley 1953), to the assess-
ment of human error probabilities (Comer et al 
1984), and to the assessment of failure probabilities 
(Goossens et al 1989) and accompanying safety 
management options (Goossens and Cooke 1997, 
Hale et al 1999). For a mathematical review see 
David (1963). As with point value assessments, the 
method of paired comparisons yields no assessment 
of uncertainty. Methods for evaluating the degree of 
expert agreement and consistency are available.   
 

5.3 Discrete event probabilities 

An uncertain event is one that either occurs or does 
not occur, though we don't know which. The arche-
typal example is "rain tomorrow". Experts are asked 
to assess the probability of occurrence of uncertain 
events. The assessment takes the form of a single 
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point value in the [0,1] interval, for each uncertain 
event.  The assessment of discrete event probabili-
ties must be distinguished from the assessment of 
limit relative frequencies of occurrence in a poten-
tially infinite class of experiments (the so-called 
reference class). The variable "limit relative fre-
quency of rain in days for which the average tem-
perature is 20 degrees Celsius" is not a discrete 
event. This is not something that either occurs or 
does not occur; rather this variable can take any 
value in [0,1], and under suitable assumptions the 
value of this variable can be measured approxi-
mately by observing large finite populations. If we 
replace "limit relative frequency of occurrence" by 
"probability", then careless formulations can easily 
introduce confusion. Confusion is avoided by care-
fully specifying the reference class whenever dis-
crete event probabilities are not intended.   

Methods for processing expert assessments of 
discrete event probabilities are similar in concept to 
methods for processing assessments of distributions 
of random variables. For an early review of meth-
ods and experiments see Kahneman et al (1982); for 
a discussion of performance evaluation see Cooke 
(1991).   
 

5.4 Distributions of continuous uncertain 
quantities 

For applications in uncertainty analysis, we are 
mostly concerned with random variables taking val-
ues in some continuous range. Strictly speaking the 
notion of a random variable is defined with respect 
to a probability space in which a probability meas-
ure is specified, hence the term "random variable" 
entails a distribution. We therefore prefer the term 
"uncertain quantity". An uncertain quantity assumes 
a unique real value, but we are uncertain as to what 
this value is. Our uncertainty is described by a sub-
jective probability distribution.  

We are concerned with cases in which the uncer-
tain quantity can assume values in a continuous 
range. An expert is confronted with an uncertain 
quantity, says X, and is asked to specify informa-
tion about his subjective distribution over the possi-
ble values of X. The assessment may take a number 
of different forms. The expert may specify his cu-
mulative distribution function, or his density or 
mass function (whichever is appropriate). Alterna-
tively, the analyst may require only partial informa-
tion about the distribution. This partial information 
might be the mean and standard deviation, or it 
might be several quantiles of his distribution. For r 
in [0,1], the r-th quantile is the smallest number xr 
such that the expert's probability for the event {X ≤ 

xr} is equal to r. The 50% quantile is the median of 
the distribution. Typically, only the 5%, 50% and 
95% quantiles are requested, and distributions are 
fitted to the elicited quantiles. 

5.5 Conditionalisation and dependence 

When expert judgement is cast in the form of 
distributions of uncertain quantities, the issues of 
conditionalisation and dependence are important. 
When uncertainty is quantified in an uncertainty 
analysis, it is always uncertainty conditional on 
something. It is essential to make clear the 
background information conditional on which the 
uncertainty is to be assessed. This is the role of the 
"case structure" (Step (1) of the Procedures Guide 
protocol, see Table 1). Failure to specify 
background information can lead experts to 
conditionalise their uncertainties in different ways 
and can introduce unnecessary "noise" into the 
assessment process. The background information 
will not specify values of all relevant variables. 
Obviously relevant but unspecified variables should 
be identified, though an exhaustive list of relevant 
variables is seldom possible. Uncertainty caused by 
unknown values of unspecified variables must be 
"folded into" the uncertainty of the target variables. 
This is an essential task of the experts in developing 
their assessments. Variables whose values are not 
specified in the background information can cause 
dependencies in the uncertainties of target variables. 
Dependence in uncertainty analysis is an active 
issue and methods for dealing with dependence are 
still very much under development. Suffice to say 
here, that the analyst must pre-identify groups of 
variables between which significant dependence 
may be expected, and must query experts about 
dependencies in their subjective distributions for 
these variables. Methods for doing this are 
discussed in Cooke and Goossens (2000) and Kraan 
and Cooke (2000). 
 
 
6 PERFORMANCE MEASURES 
 
For deriving uncertainty distributions over model 
parameters from expert judgements the so-called 
Classical Model has been developed in Delft 
(Bedford and Cooke 2001). Other methods to elicit 
expert judgements are available, for instance for 
seismic applications (Budnitz et al 1998) and 
nuclear applications (USNRC 1990). The European 
Union recently finalised a benchmark study among 
various expert judgement methods (Cojazzi et al 
2000). As mentioned earlier, in a joint study by the 
European Communities and the Nuclear Regulatory 
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Commission the benefits of the latter method (the 
so-called NUREG-1150 method (Hora and Iman 
1989)) have been used incorporating many elements 
of the Classical model (Goossens and Harper 1998). 

The Classical model is a performance based 
linear pooling or weighted averaging model. The 
weights are derived from experts’ calibration and 
information performance, as measured on calibration 
or seed variables. These are variables from the 
experts' field whose values become known to the 
experts post hoc. Seed variables serve a threefold 
purpose: (i) to quantify experts’ performance as 
subjective probability assessors, (ii) to enable 
performance-optimised combinations of expert 
distributions, and (iii) to evaluate and hopefully 
validate the combination of expert judgements. The 
name “classical model” derives from an analogy 
between calibration measurement and classical 
statistical hypothesis testing. It contrasts with 
various Bayesian models.  

The Classical model contains three different 
weighting schemes for aggregating the distributions 
elicited from the experts. These weighting schemes 
are equal weighting, global weighting, and item 
weighting. The different weighting schemes are 
distinguished by the means by which the weights are 
assigned to the uncertainty assessments of each 
expert. The equal weighting aggregation scheme 
assigns equal weight to each expert. If N experts have 
assessed a given set of variables, the weights for each 
density are 1/N; hence for variable i in this set the 
decision maker's CDF is given by:  

 
                            N 
  Fewdm,i = (1/N) Σ fj,i         (1) 
       j=1 
 

where fj,i is the cumulative probability associated with 
expert j's assessment for variable i. 

Global and item based weighting techniques are 
termed performance based weighting techniques 
because weights are developed based on an expert's 
performance on seed variables. Global weights are 
determined, per expert, by the expert's calibration 
score and overall information score. The calibration 
score is determined per expert by his assessments of 
seed variables. The information score is related to the 
width of the uncertainty band and the placement of the 
median provided by the expert. As with global 
weights, item weights are determined by the expert's 
calibration score. Whereas global weights are 
determined per expert, item weights are determined 
per expert and per variable in a way that is sensitive to 
the expert's informativeness for each variable.  

The performance based weights use two 
quantitative measures of performance, calibration 
and information. Calibration measures the statistical 
likelihood that a set of experimental results 
corresponds, in a statistical sense, with the experts’ 
assessments. In particular, the calibration score is the 
p-value of a standard Chi-square goodness of fit test. 
Loosely, the calibration score is the probability that 
the divergence between the expert's probabilities and 
the observed values of the seed variables might have 
arisen by chance. A low score (near zero) means that 
it is likely, in a statistical sense, that the expert's 
probabilities are 'wrong'. Similarly a high score (near 
one, but bigger than, say, 0.05) means that the 
expert's probabilities are statistically supported by 
the set of seed variables.  Information represents the 
degree to which an expert’s distribution is 
concentrated, relative to some user-selected 
background measure. The overall information score 
is the mean of the information scores for each 
variable. This is proportional to the information in 
the expert's joint distribution relative to the joint 
background measure, under the assumption of 
independence. Independence in the experts' 
distributions means that the experts would not revise 
their distributions for some variables after seeing 
realizations for other variables. Scoring calibration 
and information under the assumption of  
independence reflects the fact that expert learning is 
not a primary goal of the study. 

"Good expertise" corresponds to good calibration 
(high statistical likelihood) and high information. 
The weights in the classical model are proportional 
to the product of statistical likelihood and 
information. When a combined expert has been 
formed, we can also measure the calibration and 
information of this combined expert. For more detail 
see Cooke (1991), Bedford and Cooke (2001) and 
Cooke et al (1988). Calculations are performed with 
the EXCALIBUR software available through the 
M.Sc. Risk and Environmental Modeling website: 
http://ssor.twi.tudelft.nl/~risk/. 

In the classical model calibration and information 
are combined to yield an overall or combined score 
with the following properties: 
1. Calibration dominates over information, 

information serves to modulate between more or 
less equally well calibrated experts, 

2. The score is a long run proper scoring rule, that 
is, an expert achieves his/her maximal expected 
score, in the long run, by and only by stating 
his/her true beliefs. Hence, the weighting 
scheme, regarded as a reward structure, does not 
bias the experts to give assessments at variance 
with their real beliefs, in compliance with the 
principle of neutrality. 
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3. Calibration is scored as ‘statistical likelihood 
with a cut-off’. An expert is associated with a 
statistical hypothesis, and the seed variables 
enable us to measure the degree to which that 
hypothesis is supported by observed data. If this 
likelihood score is below a certain cut-off point, 
the expert is unweighted. The use of a cut-off is 
driven by property (2) above. Whereas the 
theory of proper scoring rules says that there 
must be such a cut off, it does not say what 
value the cut-off should be.  

4. The cut-off value for (un)weighting experts is 
determined by optimising the calibration and 
information performance of the combination. 

A fundamental assumption of the Classical 
model (as well as Bayesian models) is that the fu-
ture performance of experts can be judged on the 
basis of past performance, as reflected in the seed 
variables. Seed variables enable empirical control of 
any combination schemes, not just those that opti-
mise performance on seed variables. Examples of 
expert judgement studies using seed variables are 
available and references are provided in this paper. 
Therefore, choosing good seed variables is of gen-
eral interest, see Goossens et al (1996, 1998) for 
backgrounds and details. The Classical model fol-
lows the steps of the Procedures Guide summarised 
in Table 1. 

 
 

7 SEED QUESTIONS 
 
A fundamental assumption of the classical (as well 
as the Bayesian) model is that the future 
performance of experts can be judged on the basis 
of past performance, reflected in the so-called seed 
variables. Seed variables are variables of which the 
true values are known by the analyst or can be 
found within the time span of the study. The 
performance of the experts on the seed variables is 
taken as indicative for the performance on the 
variables of interest. Therefore the seed variables 
must resemble as much as possible the variables of 
interest. The more seed variables the better, but ten 
is certainly sufficient. The success of any 
implementation depends to a large measure on 
defining relevant variables whose true values 
become known in a reasonable time frame. This 
requires resourcefulness on the part of the analyst as 
well as the sympathetic cooperation of the experts 
themselves. It is essential that the experts 
understand the model and generally appreciate its 
potential usefulness.  

Letting pDM denote the decision maker's 
distribution for an uncertain item, and letting pe [e = 
1,2,...,E] denote the distributions of experts 1,2,...,E 

for the same item, then pDM is a weighted 
combination of p1, p2,..., pE if: 

 
 pDM = Σe wepe e = 1,2,...,E  (2) 

 
where we is expert's e weight, and Σe we = 1 and we 
≥ 0.  

The weights are determined by the "theory of 
proper scoring rules", and by measures of 
calibration and informativeness. The 
mathematical details can be found in Cooke (1991). 
We give here a rough idea of these concepts and 
how they are used. Informativeness measures the 
degree to which an information is "concentrated". 
Calibration is a measure derived from the classical 
theory of hypothesis testing, and reflects the degree 
to which the experts' performance on seed variables 
"supports" the hypothesis that the expert's 
probability statements "correspond with reality". To 
give a rough idea how this works, suppose we elicit 
the 5%, 50% and 95% quantiles, or percentiles for 
each (seed) variable, or item. For each item, the 
expert's probability is 5% that the true value falls 
beneath his 5% quantile, etc. If we distinguish the 
four possible "interquantile ranges" into which the 
true values can fall, then for each item the expert's 
distribution p = p1,...,p4 over these four ranges is 

 
 p1 = 5%, p2 = 45%, p3 = 45%, p4 = 5%. (3) 

 
According to the expert's distribution there is, 

for example, a 10% probability that any true value 
falls outside his/her 90% central confidence band, 
i.e. falls below his/her 5% quantile or above his/her 
95% quantile. If this actually occurred for 50% of 
the seed variables, then we should say that this seed 
data gives little support to the hypothesis that the 
expert's probabilities correspond with reality. Let s 
= s1,...,s4 denote the sample distribution, reflecting 
the relative frequencies with which the true values 
fall in the interquantile ranges. Using standard 
statistical techniques we can measure calibration as 
"statistical likelihood", that is as 
the probability that we should see at least as much 

disagreement between s and p as found in the 
expert's performance on the seed variables, 
supposing that the distribution p were really 
correct. 

High values of this probability correspond to 
good calibration, low values to poor calibration. 
"Good expertise" corresponds to good calibration 
(high statistical likelihood) and high information. 
Moreover, calibration should "dominate" over 
information: we do not want very highly 
informative distributions unless they are well 
calibrated, rather we want information to 
discriminate between more or less equally well 
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calibrated experts. The weights in the classical 
model are proportional to the product of statistical 
likelihood and information, and it turns out that this 
product is indeed dominated by calibration. 

One additional ingredient in the weights is 
derived from the requirement that the 
(unnormalized) weights be strictly proper scoring 
rules. A scoring rule is a method of assigning a 
number (a score) to a set of probability assessments, 
on the basis of observed realizations. The weights 
used in the classical model (see formula (2)) are eo 
ipso scores in this sense. A score is called strictly 
proper if an expert can achieve his highest expected 
score by and only by stating his true opinion. The 
measures for information and calibration described 
above must be combined in such a way that the 
result is (in the long run) a strictly proper scoring 
rule. This requires that the measurement of 
calibration be combined with "classical significance 
tests". Briefly, there must be some value α > 0, such 
that if the expert's statistical likelihood drops below 
α, his/her weight becomes zero. The theory of 
strictly proper scoring requires that such an α be 
used, but does not say what α should be. In the 
classical model, α is chosen such that the resulting 
calibration and informativeness of the decision 
maker (DM) is optimal. 

The seed variables (or calibration variables) are 
not only important in determining the weights for 
combining experts' assessments, but also they 
provide empirical evidence of the performance of 
the combined assessment (the "optimised decision 
maker") and thus form an important feedback to the 
experts. Two types of seed variables are available: 

1. Domain variables: these variables fall in 
particular in the field of the experts. 

2. Adjacent variables: these variables fall into 
fields which are adjacent to the field of 
expertise of the experts in question.  

Crucial issues to be investigated are: 
• the number of seed variables 
• the dependence beween seed variables; i.e., 

seed variables are experimental results; if 
several seed variables are taken from the 
same experiment they may be dependent on 
the true values 

• the selection of adjacent seed variables in 
cases where domain seed variables are not 
available, e.g. in cases of fatal responses to 
high toxic doses 

• preknowledge of an expert on the true value 
of some of the seed variables; the true 
values of the seed variables are supposed 
not to be known directly by the experts; 
however, if an expert has access to the 
results of a particular experiment from 
which seed variables are taken, (s)he may 

know the true value and may provide 
subjective assessments with high 
informativeness contents; such situations 
need be avoided. 

 
 

8 EXAMPLES OF EXPERT JUDGEMENT 
STUDIES 

 
Three examples will be presented to illustrate the 
practical use of expert judgements. The examples 
come from fields adjacent to the field of assessment 
and management of environmental risks. In the first 
example risk management is modelled to derive the 
water pollution risks of establishments under the 
European Commission’s Seveso-Directive for Ma-
jor Hazards Control. The Classical model is used to 
derive the relative failure rates of various types of 
chemical activities in industry. This example shows 
in particular the application of adjacent seed vari-
ables and the treating of small differences in DM-
scores for the three weighting schemes as outlined 
in Section 6. 

In the second example the Classical model is 
used to derive the coefficients of the dose-response-
relations describing the fatal consequences of expo-
sure to large amounts of toxic chemicals. This ex-
ample shows in particular the structured choice of 
seed variables and the application of probabilistic 
inversion techniques to provide uncertainty distribu-
tions of the coefficients of the probit relations.  

In the third example the Classical model was 
used to derive uncertainty distributions of the im-
portant model parameters of nuclear accident con-
sequence modelling. Although the decision was 
made to output only according to the equal weight-
ing scheme, a diversity of the item weights has been 
made possible which shows how different perform-
ance based weighting results can be. 
  

8.1 Example 1: Water pollution risk management 

The EC-directive on Major Hazards Installations (the 
so-called Seveso-Directive) is implemented in the 
Netherlands in 1988. The extended EC-Directive with 
regard to environmental risks was established in 1992. 
The Dutch Ministry of Housing, Physical Planning 
and Environment (responsible for the implementation 
of the EC-Directive in the Netherlands) had decided to 
provide industries with a dedicated methodology in 
order to fulfil these EC-Directive requirements, and 
had developed a software package (VERIS) for ready 
use by industries. 

The methodology determines the environmental 
risks of an installation from accident scenarios and 
their consequences to surface water pollution. Plant 
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operators can assess the consequences directly by 
applying on-site data of quantities of hazardous 
materials, distances of installations to surface waters, 
and by taking into account the impact of mitigation 
measures provided by the plant (for example, second 
containments, dikes and effluent treatment).  

The assessments of the frequencies of the accident 
scenarios cannot be derived directly from company 
data and is therefore guided by a generic framework. 
Instead of requiring a full probabilistic approach, 
industry management is asked to rate several generic 
features of their installation’s management on a four 
point scale ranging from very good performance 
(lowest point on scale) to poor performance (upper 
most point on scale). The data points on the four point 
scale were derived based on standard questions of 
which the answers were controllable to regulatory 
bodies afterwards. For instance, one such question 
asks for the frequency of a specific inspection: on the 
four point scale this may be once a week, once a 
month, once every year, and almost never, expressing 
essentially a range from very good performance to 
poor performance. The numerical values associated 
with the range of the four point scale in the generic 
framework was derived by expert judgement. 

In the methodology eight basic chemical activities 
are defined covering all activities which take place in 
the industries (see left columns of Table 3). For each 
basic activity eight groups of influential factors are 
defined (see right columns of Table 3), which cover 
all possible failure causes. The total capability of 
failure of each chemical activity is reflected by the 
effectiveness of each individual influential factor 
compared to its specific contribution. Suppose, for 
instance, that for tank storage, the "lay-out in general" 
is assessed to contribute 7 percent of the total 
contribution of all influential factors. Poor 
performance (the lower limit) of the "lay-out in 
general" of a specified storage tank in company X will 
then already contribute 7 percent. A second influential 
factor may contribute 17 percent, but in case the 
performance is very good, this factor does not add up 
to the total failure of the storage tank.  

 
Table 3. Basic activities and influential factors of risk 
management in the chemical industries  
Basic activity      Influential factor  
Tank Storage           Lay-out in general                   
Storage in warehouse          Organisation in general             
Continuous process           Procedures in general                  
Batch process           Emergency precautions            
(Un)loading trains/cars      Supervision/operators                 
(Un)loading ships          Design/condition install.          
Transfer to small containers Specific procedures                 
Transfer in units         Maintenance 

 

For each basic activity paired comparisons were 
used to derive the relative contributions of the 
influential factors in water pollution risk management. 
In order to achieve a numerical output for the 
representation of water pollution frequencies, generic 
failure data were required for the range of very good 
performance to poor performance of the eight basic 
chemical activities. These generic data were derived 
by using the Classical model.  

This expert judgement exercise aimed at getting 
a subjective assessment of all individual plants in 
the Netherlands which fall under the post-Seveso-
directive guidelines. The study can be characterised 
as what it is not intending to do: it is not a generic 
picture of the Dutch chemical installations, and it is 
not an average picture of the Dutch installations. 
Indeed, it is a current picture of the Dutch plants 
under the current state-of-the-art of chemical 
installations designs. In words, the experts were 
expected to sit back and consider the whole present 
Dutch chemical industry and were asked to 
subjectively assess the relative failure rates of the 
defined chemical activities. In this case, relative 
means relative to each other (comparison of 
activities). 

Suppose, the Dutch chemical industries would 
have XN installations of each specified activity, the 
experts were asked to consider the failure rate of 
each activity compared to one specified activity, 
namely storage tanks. The median failure rate of all 
XN storage tanks was set at a value equal to one. 
The experts were asked to assess the failure rates of 
all XN continuous reactors in the Netherlands, and 
they had to note down their median assessment of 
the continuous reactors in terms of a factor, with 
which the failure rate of the storage tanks has to be 
multiplied to get the median continuous reactor 
failure rate. And so forth. 

They then provided a subjective assessment of 
the 90 percent central confidence band for the 
continuous reactors indicating the range of (relative) 
failure rates within which 0.9 * XN continuous 
reactors would fall. 

Summarising, the target variables were 
individual cases for which relative assessments 
were to be made. Furthermore, there were no data 
available on the target variables. No domain 
variables were available either. The choice of seed 
variables was driven by the following 
considerations: 

• adjacent variables were necessary which 
covered an identical type of subjective 
assessments; data from equipment failures 
in the chemical industries and incident 
registration data seemed appropriate 
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• the seed variables were mostly phrased in 
terms of relative assessments, for instance, 
comparing failure rates of two comparable 
pieces of equipment 

• generic equipment failure rates from data 
books were used; the data generally come 
from individual behaviour of equipment, 
and not from averages over a large 
population of equipments. 

The results for the ‘virtual weights’ of the DM 
scores are summarised in Table 4. ‘Virtual weight’ 
is the weight that the combination would receive if 
added to the expert panel as an additional virtual 
expert. A virtual weight of one half or more 
indicates that the combination would receive more 
weight than the real experts cumulatively.The 
difference in DM-scores is rather low, albeit that the 
item weights show a bit better performance.  
 
Table 4. Summary of DM-scores for all three weighting 
schemes 
weighting   calibration   relative informa- DM-scores  
scheme  score     tiveness score   (virtual weights) 
item wts   0.35       1.872    0.650 
global wts  0.25          1.802    0.560 
equal wts   0.35      1.381    0.576 
 

8.2 Example 2: Dose-response relations for toxic 
substances 

Under the same Seveso-Directive the Dutch Ministry 
of Housing, Physical Planning and Environment has 
developed procedures to establish quantitative risk 
analyses, in order to meet quantitative limits for the 
accepted (individual and group) risks of major hazards 
installations. For example, the individual risk is 
defined as the probability of a fatality as a result of an 
incident while being constantly present at specified 
distances from a major hazards installation. By 
adjusting the limits of the accepted risk level to this 
definition, the calculated risks of a particular 
installation can be judged to be acceptable or not. Iso-
risk contours are used to indicate risk profiles at 
distances around the installation. In the Netherlands, 
for instance, the iso-risk contour describing 10-6 
deaths per year is used as a land-use planning 
instrument to mark a zone between the (new) 
installation and housing. 

A major part of the risks associated with chemical 
installations arises from the exact dose-response 
relationship, relating exposure concentrations and 
exposure times of inhaled toxic chemicals to the 
(lethal) response of the exposed individuals. Although 
many dose-response representations are possible, the 
calculations must use probit relations for the risk 
assessments as required under the Dutch law. In 

practical applications the probit relation is expressed 
by 

 
     Pr = a + b . ln(Cnt)      (5) 

 
in which a is a dimensionless constant indicative for 
the dose at which lethal effects begin, b represents the 
slope of the probit relation, C is the concentration of 
hazardous materials (in ppm or mg/m3), t is the 
exposure time (in minutes), and n is the exponent 
indicating the relative influence of C to the probit 
value with respect to values of t. 

The experts were asked to provide assessments on 
observable quantities only and not on the coefficients 
in the mathematical formula of the probit relation. 
These coefficients were derived from the assessments 
by probabilistic inversion techniques in step (14) of 
the Procedures Guide (see Table 1). The experts were 
asked to assess three quantile points of the 
concentrations C of toxic substances if exposed during 
t = 30 minutes at three lethality levels (10%, 50% and 
90% lethality).  

The Classical model was used to derive values for 
the probit coefficients of five chemical substances: 
acrylonitrile, ammonia, hydrogen fluoride, sulphur 
trioxide and azinphos-methyl (a pesticide). For 
defining the performance variables in step (4) of the 
procedure a classification model of inhalation was 
developed. The main purposes of the model were: 
• to characterize the toxic material in all phases of 

the toxic process 
• to find animal models sharing properties in one or 

more steps of the model with the general human 
model 

• to identify other toxics with similar properties 
within one or more steps of the model. 

The Classification Model can be represented by a 
number of 'dimensions': 
• kinetics: (quantitative) properties concerning the 

rates of absorption, distribution, metabolism and 
elimination of the substance 

• mechanisms (or dynamics): (qualitative) 
properties concerning the types of reaction, and 
the formation of metabolites, during absorption 
down to excretion 

• target organs: the organs where the toxic impact 
will occur 

• functional disturbances: (pathophysiogical) 
changes in organ-functioning as a result of the 
toxic impact 

• health effects: clinical expression of the organ-
function disturbances. 

Input into the model is a range of concentrations, 
or dose rates, of a certain toxic substance. The output 
of the model contains the values derived within the 

29



various parts of the model. In this application, the 
model is quantified with values leading to acute lethal 
responses for a human population. These properties 
define one or more paths throughout the model, and 
these paths provide a basis for the classification of the 
chemical substance. Table 5 presents an overview of 
the performance variables matched on the 
classification model of inhalation. 

 
Table 5. Distribution of 'dimensions' of the Classification 
Model of Inhalation over the seed variables for five 
chemical substances (K=kinetics, M=mechanics, 
TO=target organs, FD=functional disturbances, 
HE=health effects). NB. Some seed variables covered 
more than one dimension, for which reason the sum of 
dimensions may be larger than the number of seed vari-
ables applied 
chemical   # of seed    'dimensions' 
substance   variables   K  M  TO FD HE 
acrylonitrile   10    8  4  2  -  2 
ammonia    10    3  1  3  3  3 
hydrogen fluoride  9    6  -  -  -  3 
sulphur trioxide  10    2  1  3  1  6 
azinphos-methyl  10    6  2  1  1  5 
 
 
Table 6. Summary of DM-scores (‘virtual weights’) of 
three chemical substances: PW = performance weights, 
EW = equal weights 
chemical     calibration  information  DM-score  
substance    score   score   (virtual weights) 
acrylonitrile PW  0.2400  3.186   0.500   
           EW  0.2800  1.511   0.233 
ammonia   PW  0.1100       1.672   0.341   

  EW  0.2800  1.075   0.457  
sulphur     PW  0.1400  3.904    0.745  
trioxide   EW  0.1400  2.098   0.611 
chemical substance    probit relation 
acrylonitrile PW    Pr = - 8.17 + 1.12  ln(Ct)   
ammonia PW     Pr = - 36.4 + 2.01 ln(C2t)    
sulphur trioxide PW  Pr = - 2.85 + 0.68 ln(C2t)  
 

Extensive literature surveys of quantitative aspects 
of each chemical's acute toxicity regrouped a 
preliminary list of world-wide experts into 'major 
contributors' and 'less often contributing' experts. 
Experts were selected on either of the following 
criteria: 1) major contribution to a criterion document, 
monograph or review article, 2) at least leading author 
of two scientific research papers, of which one within 
the last five years, or 3) known to the 'chemical's 
scientific community'. The selected experts come 
from institutions having academic interests, and from 
industrial or regulatory environments. Twenty-seven 
experts were selected. Results of the expert judgement 
exercise are published elsewhere (Goossens et al 
1998). The ‘virtual weights’ (for explanation of the 
virtual weight, see the end of Section 8.1) of the DM-
scores and values of the probit coefficients are 

summarised in Table 6. Only three out of the five 
chemicals were successful in deriving a probit 
relation.  

The distributions on the probit coefficients are the 
result of probabilisic inversion. For details on this 
application, see Cooke (1994) and for the current state 
of the art, see Kurowicka and Cooke (2005a and 
2005b). 
 

8.3 Example 3: Nuclear accident consequence risk 
modelling 

The U.S. Nuclear Regulatory Commission 
(USNRC) and the European Commission (EC) have 
both developed probabilistic accident consequence 
codes: MACCS (Chanin et al 1990) in the United 
States and COSYMA (Kelly 1991) in Europe. 
Uncertainty analyses have been performed with 
predecessors of both codes, whereby the probability 
distributions utilised were assigned primarily by the 
consequence code developers rather than by 
phenomenological experts in the many different 
scientific disciplines that provide input to a 
complete consequence code. For that reason, the 
decision was made to execute a full uncertainty 
analysis on each code separately, whereby most of 
the uncertainty distributions of the code input 
parameters were derived using formal expert 
judgement (Goossens and Harper 1998). See also 
Goossens (2005) in the Proceedings of this 
Workshop. An overview of the joint expert 
judgement studies are shown in Table 7.  
 
Table 7. Phenomenological areas with expert panels and 
number of questions in the EC/USNRC joint project 
(NOTE: the countermeasures panel was performed as an 
EC project only) 
Expert panel Year of  NUREG # of  # of   # of 
     panel      / CR -  experts elicita- seed 

EUR  in panel tion 
 ques- 

        report    questions tions 
Atmospheric  1993  6244   8   77   23 
 dispersion    15855/15856 
Deposition  1993  6244   8   87   14 dry  
 (dry and wet)   15855/15856      19wet 
Behaviour of 1995  6526   10   505  none 
   deposited materials 16772  

and its related doses 
Food chain  1995  6523   9   80   8 

on animal transfer 16771 
and behaviour 

Food chain  1995  6523   6   244  31 
plant/soil transfer 16771 
and processes 

Internal   1996  6571   9   332  55 
 dosimetry    16773 
Early health 1996  6545   10   489  15 
 effects     16775 
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Late somatic 1996  6555   10   106  8 
health effects   16774 

Counter-  1999  n/a   10   111  none 
 measures    18821  
 

The experts, who do not necessarily have to be 
familiar with the codes, were neither forced to 
provide uncertainty distributions on code input 
parameters, nor to believe in the models used in the 
codes. Instead, they were asked to provide 
assessments on variables, which, in principle, are 
observable and measurable. The results are 
published in EUR-/NUREG-reports (Table 7) and 
summarised in a special issue of Radiation 
Protection Dosimetry (Goossens and Kelly 2000).  

For programmatic reasons of assignment, the 
aggregation process was done using equal weights 
for all panels of experts. As the individual expert’s 
assessments differed from each other, equal based 
aggregation resulted in relatively wide uncertainty 
distributions of the decision maker’s distributions. 
For most of the panels, seed questions were also 
available (see Table 7) to test the differences with 
the general equal weighting outcomes (see Table 8). 
For the late health effects panel the seed questions 
referred to future outcomes of the Japanese atomic 
bomb survivors’ data. For the deposited materials 
and countermeasures panels no seed questions were 
available. Table 8 shows the performance based 
combination and the equal weight combination for 
the other seven panels.  For each panel, Table 8 
shows the calibration score (1 is maximal, 0 is 
minimal), the mean information score (0 is 
minimal), and the 'virtual weight' (for explanation of 
the virtual weight, see the end of Section 8.1).  

 
Table 8. Performance based and equal weight combina-
tions  
Panel  Weighting Calibration  Information DM-          

scheme  score    score    score 
               (virtual wts) 
DISP  Item wts 0.9000   1.024   0.80545 
   Equal wts 0.1500   0.811   0.33166 
DEPOS  
dry dp Item wts 0.5200   1.435   0.50000 
   Equal wts 0.0010   1.103   0.00168 
wet dp Item wts 0.2500   1.117   0.93348 
   Equal wts 0.0010   0.793   0.07627 
ANIML Item wts 0.7500   2.697   0.50000 
   Equal wts 0.5500   1.778   0.19204 
SOILPL Item wts 0.0010   1.024  
 0.13369 
   Equal wts 0.0010   0.973   0.12779 
DOSIM Item wts 0.8500   0.796   0.52825 
   Equal wts 0.1100   0.560   0.09217 
EARLY Item wts 0.2300   0.216   0.98749 
   Equal wts 0.0700   0.165   0.94834 
 

Apart from the SOIL/PLANT case, the 
performance based combination performs well; the 
calibration scores are not alarmingly low, and the 
virtual weight is high. The equal weight 
combination sometimes returns good calibration 
and high virtual weight, but these scores are lower 
than those of the performance based combination. 
In the case of SOIL/PLANT, we must conclude that 
the evidence gathered from the seed variables does 
not establish the desired confidence in the results.  
Although it might be argued that 31 seed variables 
constitutes a rather sever test of calibration, 
reducing the effective number of seed variables to 
10 still yields poor performance (calibration scores  
0.04 and 0.01 for the performance based and equal 
weight combinations respectively). In general, the 
number of effective seed variables is equal to the 
minimum number assessed by some expert. Hence 
the effective number in INTERNAL DOSIMETRY 
is 28 and in ANIMAL is 6. Experts are scored on 
the basis of the effective number of seed variables; 
lowering this number is comparable to lowering the 
power of a statistical test. Thus we cannot directly 
compare calibration scores of different panels 
without first setting the effective number of seed 
variables equal. 

In DISPERSION, ANIMAL and INTERNAL 
DOSIMETRY, the results of equal weighting are 
not dramatically inferior to the performance based 
combination. In such cases, a decision maker giving 
priority to political rather than rational consensus 
might  apply equal weight combination without 
raising questions of performance. In the other cases 
the evidence for degraded performance in the equal 
weight combination, in our opinion, is strong. 
 
 
9 CONCLUSIONS 
 
The Delft method has by now generated a substan-
tial amount of experience with structured expert 
judgment. Over 30,000 individual elicitations have 
been performed, and there is extensive data on ex-
pert assessments for uncertain quantities for which 
the true values are known post hoc.  This data, in 
suitably scrubbed form, is available upon request 
from the second author.  

The overall conclusions from this experience 
may be summarized as follows: 

1. Valid measures of performance for subjec-
tive probability assessors exist and can be 
applied. 

2. Experts’ performance as subjective prob-
ability assessors is highly variable. There is 
strong variation across panels, and within 
panels. 
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3. Equal weight combinations generally lead 
to statistically acceptable performance, of-
ten with a very significant loss of informa-
tiveness. 

4. Performance-based combinations of expert 
judgments outperform the equal weight 
combination, and the best expert in the 
overwhelming majority of cases. 

5. Experts have no problem in quantifying 
their uncertainty, if the questions are care-
fully formulated and directed to observable 
quantities with which the experts are famil-
iar.  

6. Experts are generally quite supportive of 
performance measurement, and positively 
appreciate the introduction of objective cri-
teria to validate performance, both their 
own and that of any resulting combination. 
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The Quality of Expert Judgment:  An Interdisciplinary 
Investigation 

Forrester, Y.; Mosleh, A. 
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ABSTRACT:  
Historically, expert judgment is used to supplement insufficient data in decision making.  Expert informa-

tion exists in the form of judgments, opinions, predictions, and forecasts, terms often used interchangeably.  
Utilized in part for critical functions, the precision of expert judgments is fundamental.   

The literature reports many studies of expert judgmental accuracy evaluations across several disciplines.  
Individual studies are based on narrowly focused scopes, typically on a particular issue.  Studies reveal an ar-
ray of values for expert performance, resulting from several factors.   

Significant factors impacting accuracy depend on the multiple definitions of experts and their attributes.  
It is unclear in most disciplines what attributes are needed to qualify an individual as an expert.  Within a 
particular subject area, the lack of a universal standard for expert qualification leads to inconsistent identifi-
cation and selection of experts. 

This paper discusses the difficulties in attaining empirical evidence of expert accuracies, and presents ex-
pert profiles in the form of an attribute-accuracy taxonomy.  The taxonomy is developed from an interdisci-
plinary meta-analysis of published case studies on expert performance and accuracy.  Of the relationships 
examined, the results revealed that experts performing in the 90-100% accuracy range received certification 
or specialized training in expertise, and were published in their expertise or general field.  Other conclusions 
of performance and attributes are presented in the results and discussion section. 

1 INTRODUCTION 
 

The utilization of expert judgments for critical 
decisions and functions has prompted the funda-
mental need to know the precision of experts.  In 
the absence of empirical data, expert judgment is 
used to supplement decision making, and inherently 
contains degrees of uncertainty.    Experts are gen-
erally selected based on predetermined characteris-
tics and the decision makers’ confidence in the ex-
perts’ ability to accurately provide judgments.  
These judgments are widely and sometimes indis-
criminately used without knowledge of its quality or 
accuracy (Kane 1995, and Roebber et al. 1997).   

Empirical evidence of expert performance is of-
ten desired and seldom obtained.  Publications of 
validated expert performance, exist on a few spe-
cific issues, and are rare on large scope issues.  This 
results, in part, from the lack of standardization in 
the definition of and qualification for experts, 
within and across disciplines.  Shanteau (1993) fit-

tingly stated that there are almost as many defini-
tions of expert as there are scholars in the field.  
Also, contributing to the limited empirical evidence, 
are deficiencies in the validation of expertise and 
the publication of validated expert performance case 
studies.   

This paper discusses the difficulties in obtaining 
empirical evidence of expert performance in several 
disciplines.  Additionally, the paper presents an “at-
tribute-accuracy” taxonomy developed from the re-
lationship between attributes of experts and their 
performance.  The taxonomy illustrates expert pro-
files generated within various performance ranges.  

2 BACKGROUND 
 

Expert judgments usually report as opinions, 
predictions, or forecasts, and frequently used inter-
changeably.   They are used in part for life and 
death, as well as financial, spiritual, legal, and so-
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cial decisions.  Relatively cheap and virtually inex-
haustible (Cook 1991), expert judgments inform, 
and significantly impact critical decision making 
processes. 

2.1 Expert judgment performance measures 

The precision of expert judgment is commonly 
expressed by performance measures.  Disciplines 
differ in their preferred expression of expert judg-
ment accuracy.  In the biological and medical fields, 
the most widely used performance measures are 
sensitivity, specificity, positive predictive value and 
negative predictive value.  In the engineering and 
physical sciences the measures of overall accuracy, 
error, and efficiency, as well as reliability is pre-
ferred.  Other fields use measures including predic-
tive (Camerer and Johnson 1991) and differential 
accuracy, and expert self-confidence rating (Penrod 
and Cutler 1995).  Each performance measure term 
denotes a unique function and is frequently and er-
roneously used interchangeably. 

To effectively communicate within a discipline 
and between disciplines a standard measure or tax-
onomy of measures is needed.   Cochran, Weiss and 
Shanteau developed the CWS index of expertise to 
empirically evaluate expert performance.  This in-
dex is formed on the premise that evaluative skill is 
the basic cognitive ability that characterizes all ar-
eas of expertise.  The CWS index of expertise,  

ncyinconsiste
ationmindiscriindex CWS = ,  

is a ratio of discrimination over inconsistency.  Dis-
crimination, according to Weiss and Shanteau 
(2003), refers to the judge’s differential evaluation 
of the various stimuli similarly over time.  “Consis-
tency refers to the expert evaluation of the same 
stimuli similarly over time; inconsistency is its 
complement” (Weiss and Shanteau 2003).  This in-
dex is particularly suitable for cases wherein per-
formance records exist. 

Rowe and Wright (2001) conducted a meta-
analysis of nine empirical studies using a new task-
analysis taxonomy to investigate expert-lay judg-
ments of risk.  The findings show methodological 
weaknesses and confounding demographic and so-
cial variables in these studies.  The taxonomy de-
veloped, provides additional information to that 
previously reported by Slovic (1999), on socio-
demographics, the nature of the day-to-day activi-
ties of the experts, nature of the risk assessments 
made by the experts and on the “potential learnabil-
ity of high quality judgmental performance”.  Rowe 
and Wright (2001) contended that the above cited 
information was not available in the studies investi-
gated; therefore no conclusions could be made 

about the differences in the quality of expert and lay 
judgments. 

The literature reports many studies of expert 
judgmental accuracy evaluations across several dis-
ciplines.  Individual studies are based on narrowly 
focused scopes, typically on a particular issue.  In 
the area of cardiovascular diseases for example, 
Lipinski et al. (2002) found that expert cardiologists 
were better able to estimate the presence of clini-
cally significant and severe coronary artery diseases 
than randomly selected cardiologists and internists, 
76% and 73%, respectively.  The study of Reisch-
man and Yarandi (2002) show that expert nurses 
compared to novices were significantly better 
judges in cues utilization for critical cardiovascular 
care, 72% and 23%, respectively.  

2.2 Definitions of Experts 

Expert performance must consider multiple defi-
nitions or qualification criteria for an “expert”.  Ex-
perts are characterized partially from generic, scien-
tific, and legal perspectives.  They are generally 
described as individuals who carry out a specified 
set of tasks expertly (Weiss et al. 2003), or who 
possess superior knowledge or skill in a particular 
subject or field.  Also, they are experienced predic-
tors in a domain and have appropriate social or pro-
fessional credentials (Camerer and Johnson 1999).  
Cox (2002) and Lesgold et al (1988) defined ex-
perts as high-speed recognizers of abnormalities, 
and diagnostic classifiers who use a personal, or-
ganized, perceptual library linked into case-based 
knowledge.  In Daubert vs. Dow Pharmaceuticals, 
the U.S. Supreme Court classifies legal experts in 
Federal Rule of Evidence 702 as individuals with 
scientific, technical, skill, experience, training, or 
education that will assist the trier of fact to under-
stand the evidence or to determine a fact at issue 
(Penrod et al. 1995). 

2.3 Expert Attributes 

It is unclear in most disciplines what attributes 
are needed to qualify an individual as an expert.  
Attributes, as used in this context, are the character-
istics, traits, experiences, and peculiarities relating 
to an individual.  Most individuals have a unique 
perception of the quality attributes that makes a per-
son an expert.  Weiss and Shanteau (2003) identi-
fied experts by attributes such as self-proclamation 
or peer nomination as well as by experience, titles, 
and degrees.  Additional attributes listed by Stewart 
et al. (1997) include membership in professional or-
ganizations, number of expert participants and char-
acteristics of tasks such as frequency of occurrence 
and difficulty.  The perceptual expertise category 
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outlined by Cox (2002) requires attributes of alert-
ness and persistence to ensure clinical accuracy.  An 
established standard of necessary attributes for ex-
pert qualification helps to facilitate consistency in 
the identification and selection of experts.   

2.4 Expert validation 

The validation of expert performance is neces-
sary in the promotion of expert judgment as a useful 
scientific tool.  Experts are commonly validated by 
known event outcomes (Bariciak et al. 2003, 
Hughes et al. 1992), empirical research findings 
(Bentley et al. 2002) and statistical models.  A re-
view of literature yielded several validation defi-
ciencies.  First, expert judgments are needed in do-
mains where correct answers are frequently 
nonexistent (Weiss and Shanteau, unpublished).  As 
a result, experts with inherently uncertain judg-
ments are used validate other experts.  Second, 
methodology for validation is vague or not stated.  
Last, expert judgment is heavily used in engineering 
and physical sciences (Fleming 1991, Mumpower 
and Stewart 1996), yet there is a paucity of informa-
tion on validated expert judgment case studies.  
Also, in other areas such as law, medicine, and 
forecasting there are several published cases studies 
on validated expert performance.   

Knowledge of judgment accuracy is relevant and 
significant in decision making processes, and to the 
mainstream acceptance of expert judgment.  Limita-
tions to broader focused empirically validated ex-
pert performance can be reduced with standardized 
attributes requirements for experts.  In light of the 
current state of this field, the paper proposes an “at-
tribute-accuracy” taxonomy containing expert pro-
files generated within various performance ranges. 

 
 

3 METHODOLOGY 
 
The voluminous published literature and works 

on expert judgments indicate a need to more effec-
tively evaluate the attributes and judgmental accu-
racy of experts.  In this paper, an extensive review 
and meta-analysis of expert-related literature was 
conducted.  Meta-analysis is a statistical process of 
combining results of various studies into a common 
metric and performing analysis.  In addition, a pre-
liminary attribute-accuracy taxonomy from ongoing 
research is presented.   

The taxonomy is being developed from publica-
tions containing expert descriptions and perform-
ance measures of experts.  The aim of this work is 
to identify attributes that are good predictors of ex-
pert performance (Dunphy and Williamson 2004).  

Attributes selected in this study were publications, 
organizational membership, academic background, 
and frequency of issues/events, as well as, practical 
experience, number of experts in study, and peer 
nomination. 

The search for the accuracy of expert opinion or 
expert judgment began with a general survey of past 
and most recent literature, books, internet publica-
tions, refereed and non-referred sources. The wide 
literature search included in part the following data-
bases:  WorldCat, Agricola, DOE’s Information 
Bridge, Civil Engineering (CE) database, Energy 
Citations database, Waste Management research ab-
stracts, PubMed, and Medline.  The most insightful 
abstracts were found in PubMed, Medline, and 
WorldCat.  In addition, a worldwide exploration of 
the Dissertation Abstracts database was performed 
to identify any similar or exact work across all dis-
ciplines.   

Over 1700 sources, primarily periodical abstracts 
and books were initially flagged for general rele-
vance.  Each source was examined for significance 
to the elicitation, aggregation, validation and quality 
of expert judgment or opinion.  Of these sources 
approximately 790 were selected and filed in the 
following categories: medical, animal, plant, engi-
neering, legislative and forecasting related expert 
judgment case studies, and theoretical information.  
From this stockpile of resources, 147 expert judg-
ment case studies were identified and 80 used for 
the analysis in this paper.  The 80 selected case 
studies were thoroughly examined for each expert 
attribute listed earlier, along with the expert per-
formance measures.  The remaining 67 case studies 
were temporarily discarded for a variety of reasons.  
Many studies contained no expert information, only 
performance scores; others cases contained qualita-
tive performance measures or elusive methodolo-
gies for expert validation.   

Using the SPSS 13.0 software, coded entries 
were made into a spreadsheet and analyzed for each 
case study.  Attributes were coded as continuous, 
nominal, and ordinal variables, and were subjected 
to several tests.  For the continuous variables, accu-
racy and number of experts in study, analyses such 
as descriptive statistics, histograms, box and scatter 
plots were obtained.  In analyzing the ordinal (years 
of experience, and frequency of issues/events) and 
nominal variables, the following analyses and 
graphs such as, frequency tables, Spearman’s rho, 
Kendall’s tau, Phi, and bar and dot plots were at-
tained.  Selected analyses and results are presented 
in the next section of this paper. 
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4 RESULTS AND DISCUSSION 

4.1 Means 

Table 1 contains eight of the nine categorical at-
tributes along with their respective mean expert ac-
curacies.  Table 1 also shows that experts who are 
certified or recipients of specialized training in elic-
ited area are 17% more accurate than those who 
were not.  Similarly, the accuracy of experts with 
post-doctoral training or medical doctors with spe-
cialized training was higher than undergraduate, 
graduates, and PhDs and MD without specialized 
training.  Experts who are published on the elicited 
topic or in the field performed significantly better 
(~10%) than others.  In addition, the data showed 
experts from government and private organizations 
performing better than those from academia, 79.7%, 
78.7% and 71.8%, respectively.  This could be a re-
flection of access to resources.   

Table 1.  Mean accuracy of experts by attributes 

ATTRIBUTES Accuracy 
 Mean Std. Dev. 
Nominated by peers as expert 
in field(s) or expertise 

----- ----- 

• Yes 76.8 15.9 
• No 73.1 16.3 
Certified or received special-
ized training in expertise 

----- ----- 

• Yes 80.0 13.3 
• No 63.1 15.9 
Publication(s) in expertise or 
general field 

----- ----- 

• Yes 77.8 14.8 
• No 67.4 17.1 
Member of professional or-
ganization in expertise/field 

----- ----- 

• Yes 75.2 16.5 
• No 70.6 12.6 
Company/organization 
specializes in specific/similar 
topic 

----- ----- 

• Yes 80.8 13.7 
• No 72.8 16.5 
Type of Institution ----- ----- 
• Private 78.7 10.0 
• Academic 71.8 16.4 
• Private & Public 74.4 15.2 
• Government 79.7 13.3 
Average level of formal 
education 

----- ----- 

• Undergraduate 68.9 21.6 
• Graduate Student/ MD-

Intern 
65.6 16.7 

• PhD/ MD 65.0 11.9 
• Post-Doc/ MD-Specialist 81.0 11.6 
ATTRIBUTES Accuracy 
 Mean Std. Dev. 
Frequency of event/disease ----- ----- 
• Rare 72.8 16.9 
• Moderate 74.7 17.2 
• Frequent/ Common 75.4 15.7 

4.2 Correlations 

Each attribute in Table 2 was evaluated for cor-
relation with accuracy, dichotomously organized 
into subcategories of 0-69.9% and 70-100%.   
Among the attributes investigated, the following 
were significantly correlated with accuracy: certi-
fied or specialized training in expertise (Eta=0.441); 
level of educational achievement (Eta=0.478); pub-
lication(s) in expertise or general field (Eta=0.260); 
and the type of institution (Eta=0.263).  The finding 
of significant correlation between experience and 
performance has been documented by others. Vege-
lin et al (2003) concluded that experience signifi-
cantly influences accuracy.  Sorrento and 
Pichichero (2001) also surmised that “experience is 
an excellent teacher and this may have contributed 
to the greater accuracy”.   

Other attributes listed in Table 2, such as nomi-
nation by peers; membership in professional organi-
zations; company/organization specialization in 
specific/similar topic; and frequency of 
event/disease, revealed weak correlations with accu-
racy.  In fact, membership in professional organiza-
tion and peer nomination, appeared to be almost un-
correlated (Eta=0.031) and (Eta=0.089), 
respectively.   

 

Table 2. Correlation of attributes to accuracy 

ATTRIBUTES Correlation* 
 Eta 
Nominated by peers as expert in field(s) 
or expertise 

0.089 

Certified or received specialized train-
ing in expertise 

0.441 

Publication(s) in expertise or general 
field 

0.260 

Member of professional organization in 
expertise/field 

0.031 

Company/organization specializes in 
specific/similar topic 

0.146 

Type of Institution 0.263 
Average level of formal education 0.478 
Frequency of event/disease 0.146 
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*Attributes are evaluated for correlation with accuracy 
from 0-69.9% and 70-100% 

 

4.3 Average years of practical experience in 
expertise 

Tables 3 and 4 are extensions of Tables 1 and 2.  
Both tables address descriptive characteristics of the 
“average years of practical experience in expertise” 
attribute.  This attribute is divided into five subcate-
gories.  The subcategory of “None” typically repre-
sents experts who are elicited for issues not explic-
itly related to their expertise.  For example, experts 
are sometimes asked to give their judgments about 
the future of newly developed technologies or 
fields.  This lack of experience concerning the in-
formation being elicited is represented by “None” in 
the data set.   

 

Table 3.  Average years of practical experience in 
expertise 

 ACCURACY  
 Mean Std. Dev. Case study 

Distribu-
tion 

None 39.350 23.1224 2.5% 
>0 to <5  years 60.791 13.8462 13.75% 
5 to < 10 years 68.271 16.5186 8.75% 
> 10 years 65.271 18.4848 7.5% 
Not Stated 80.760 11.7453 67.5% 

 

Table 4.  Correlation of Average years of experience 
and accuracy under three options 

ATTRIBUTES Correlation* 
 Eta 
• Not Stated case studies separate as 

in Table 2 
0.293 

• Not Stated case studies are included 
in the 5 to <10 years category 

0.484 

• Not Stated case studies are included 
in the >10 years category 

0.506 

*Average years of experience is evaluated for correlation 
with accuracy from 0-69.9% and 70-100% 
 

Table 3 demonstrates that experts with five to 
less than ten years, or with greater than ten years 
experience had similar accuracy scores, and their 
accuracy was significantly higher than experts who 
had less than five years experience.  In addition, ex-
perts with ten or more years of experience were 
slightly less accurate than those in the previous sub-
category.  This implies that experts with the most 

years of experience are not necessarily the best 
suited experts.  However, this conclusion cannot be 
definitively stated because of the limited data avail-
ability for this attribute.  The authors of most expert 
judgment case studies (67.5%) did not state the ex-
perts’ years of experience.  Many qualitatively ex-
pressed experience of experts in the following 
forms:  “specialist … with special expertise in” (Af-
set et al. 1996); “considerable experience” (Jank-
ovic 2000); “well-trained” (Sboner 2004); and 
“each was experienced in” (Bruynesteyn et al. 
2002).  These expressions are very subjective and 
were codified into the “Not Stated” category.   

With the “Not Stated” case studies excluded 
from the analysis, the correlation of the “average 
years of practical experience in expertise” attribute 
to accuracy was 0.293 (Table 4).  Table 4 listed two 
other correlation relationships, based on possible 
quantitative implications of these qualitative ex-
pressions.  In one option, the “Not Stated” case 
studies were placed into the “5 to <10 years” cate-
gory.  This option yielded a stronger correlation 
value of 0.484 and a still stronger correlation value 
of 0.506 after the “Not Stated” case studies were 
added to the “>10 years” category.  The assump-
tions made are based in part on studies with both the 
subjective and quantitative expressions on experi-
ence.  Brown et al. (2004) for example, expressed 
“very experienced” as “an average of 17.5+/-11.5 
years of total … experience”.   
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Mean = 74.725 
Std. Dev. = 16.1253 

4.4 Overall accuracy 

A commonly asked question is, “How accurate 
are experts?”  This question has been dissected by 
many, and has still remained unanswered.    In this 
study the accuracies of experts across several disci-
plines were fitted to various distributions.  How-
ever, the best fit is represented by a normal distribu-
tion (Figure 1), with a mean accuracy of 74.7% and 
a standard deviation of 16.1%. This is supports the 

Figure 1.  Distribution of Expert Accuracy 

100.0 90.0 80.0 70.

Percent Accuracy 60.0 0 0.0 10.0 20.0 30.0 40.0 50.0

N = 80
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assumption by some authors, that in a Bayesian 
framework the prior is a normal distribution.   

4.5 Attribute-Accuracy Taxonomy 

The data in this study suggest that certified or 
specialized training in expertise; level of educa-
tional achievement; publication(s) in expertise or 
general field; the type of institution, and average 
years of experience are reasonable predictors of ac-
curacy.  As a result, an attribute based taxonomy to 
predict accuracy was developed.  The preliminary 
taxonomy of binary predictors is illustrated in Ta-
bles 5 and 7. 

 

Table 5.  Attribute-Accuracy Taxonomy 

 ACCURACY CATEGORIZED 
Binary 

Predictors 41-50 51-60 61-70 

AB 3.8% 2.5% 3.8% 
AC 1.3% 1.3% 2.5% 
AD1 1.4% 0% 4.2% 
AD2 2.8% 1.4% 2.8% 
AE 1.3% 1.3% 3.9% 
BC 1.3% 1.3% 2.5% 
BD1 1.4% 1.4% 2.8% 
BD2 4.2% 1.4% 1.4% 
BE 1.3% 1.3% 3.8% 
CD1 0% 0% 1.4% 
CD2 1.4% 1.4% 1.4% 
CE 1.3% 1.3% 2.5% 
D1E 1.4% 1.4% 1.4% 
D2E 0% 0% 2.8% 

Table 6.  KEY 

A=  Certified or received specialized training in expertise (yes only) 
B=  Publication(s) in expertise or general field (yes only) 
C= Company/organization specializes in specific/similar topic (yes     
      only) 
D=  Type of Institution 

 D1= Academic 
 D2= Non-academic 

E=  Average level of formal education (Post-Doc/ MD-specialist only) 
 
Table 5 suggests that the best binary predictor of 

expert accuracy in the 91-100% range is “AB”, or 
experts with certified or specialized training in ex-
pertise, who are published in their expertise or gen-
eral field.  Results indicate that 12.5% of experts 
possessing attributes A and B (Table 6) will per-
form within the 91-100% category, and 47.5% of 
experts will obtain accuracies with the 71-100% 
range. Conversely, results also suggest the least pre-
ferred binary combination within this range is 
“CD1”, or experts from academic institutions that 
specialize in the elicited area.  According to the 

data, only 4.5% of the experts possessing these two 
attributes will achieve accuracies between 71-100%. 

 

Table 5.  Attribute-Accuracy Taxonomy (contd.) 

 ACCURACY CATEGORIZED 
Binary 

Predictors 71-80 81-90 91-100 

AB 17.5% 17.5
% 

12.5
% 

AC 3.8% 10.0
% 

5.0% 

AD1 4.2% 9.9% 4.2% 
AD2 15.5% 11.3

% 
9.9% 

AE 15.8% 15.8
% 

10.5
% 

BC 3.8% 8.8% 5% 
BD1 5.6% 7.0% 2.8% 
BD2 19.7% 11.3

% 
8.5% 

BE 15.0% 15.0
% 

11.3
% 

CD1 0% 4.2% 0% 
CD2 4.2% 7.0% 2.8% 
CE 2.5% 8.8% 3.8% 
D1E 16.9% 8.5% 7.0% 
D2E 4.2% 5.6% 2.8% 

 
 
 

5.0 Conclusions 
 

Preliminary results of the study show that ex-
perts are generally 75% accurate.  In addition, indi-
viduals possessing certification and publications in 
an expertise are the best experts. Also, the weaker 
performers are individuals from academic institu-
tions.  The next version of this taxonomy will re-
flect additional cases studies and more attribute 
combinations. 

The further development of this taxonomy will 
be beneficial to decision makers, and scientists 
alike.  Using this current and future modified ma-
trix, organizations with limited budgets can be bet-
ter informed on how to select their experts.   
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1 INTRODUCTION 

More than 50 years have passed since the first 
Delphi experiment took place and more than 40 
since the first article came to light describing its 
use and procedure. Since then, the Delphi Method 
has become a widely used and recognised 
instrument to make predictions and help decision-
making. In this process of diffusion it has gone 
through several different stages since its birth. 
From the first stage of secrecy that accompanied 
its genesis with military aims, it has advanced 
through successive phases of novelty, popularity, 
criticism and re-examination, until reaching the 
current phase of continual but relatively infrequent 
use, in which it has remained since the 80's 
(Rieger, 1986).  

Throughout these years, the Delphi Method has 
broadened its fields of application and has been the 
object of fierce criticism and numerous 
evaluations, in which its weaknesses and strengths 
have been highlighted, as well as its potential. It is 
possibly the best known forecasting technique with 
its own name, based on the opinion of experts, and 
about which most has been written, but is it still 
valid? Is it still being used for academic and 
professional purposes or does it now form part of 

history? Has it overcome its weaknesses? What 
has been learned throughout these years? 

In this article we will note some answers to 
these questions, paying particular attention to the 
use of this technique in social sciences and also 
explaining some recent applications run by the 
author which will serve to compare the 
contributions of other authors and to present 
possible fields of development and application for 
the technique. 

2 THE DELPHI METHOD 

At the end of the 40's, researchers at the RAND 
Corporation (Santa Monica, California) started to 
investigate the scientific use of expert opinion. 
Studies were published on the superiority of group 
opinion over individual (Kaplan et al, 1949) and 
on the justification of expert opinion in inexact 
sciences and its scientific use (Helmer and 
Rescher, 1959). The Delphi method, with all its 
defining characteristics, was first used at the 
headquarters of this corporation as part of a 
military defence project, which for security 
reasons was published twelve years later (Dalkey 
and Helmer, 1963). From the RAND Corporation 

 

ABSTRACT: The Delphi method is a popular technique for forecasting and an aid in decision-making based 
on the opinions of experts, which has been in existence for over half a century. This work evaluates its meth-
odology and reviews its validity in the present day, especially in the area of Social Sciences. Four recent ap-
plications in this field are also explained, professional in nature, which have some characteristics that are not 
frequent with respect to other Delphi studies published. These applications highlight how this technique may 
be adapted to different social realities and requirements, making a positive contribution to social progress, 
provided it is applied with the necessary methodological rigour and with a good knowledge of the social me-
dium in which it is being applied. Finally, there is an explanation of a number of lessons learned from the 
theory and aforementioned experiences, which may contribute to the successful outcome of a Delphi exer-
cise.  
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also came the first documented proposal to use the 
Delphi technique for non-military purposes 
(Helmer and Quade, 1963), where a proposal was 
made for it to be used in planning developing 
economies. 

In the sixties, and a result of the declassification 
of the Delphi method by the American Armed 
Forces from its previous category as reserved for 
military use, its use spread rapidly, both 
geographically and thematically, particularly 
towards technological forecasting and towards the 
evaluation of complex social problems. 

The Delphi method was conceived as a group 
technique whose aim was to obtain the most 
reliable consensus of opinion of a group of experts 
by means of a series of intensive questionnaires 
with controlled opinion feedback (Dalkey and 
Helmer, 1963).  

Later applications of the technique have 
eliminated the restriction of the obligatory search 
for consensus, so that today it might be defined as a 
social research technique whose aim is to obtain a 
reliable group opinion using a group of experts. It is 
a method of structuring communication between a 
group of people who can provide valuable 
contributions in order to resolve a complex problem 
(Landeta, 1999).  

Its main characteristics are as follows: 
- It is a repetitive process. The experts must 

be consulted at least twice on the same 
question, so that they can reconsider their 
answer, aided by the information they 
receive from the rest of the experts. 

- It maintains the anonymity of the 
participants or at least of their answers, as 
these go directly to the group coordinator. 
This means a group working process can be 
developed with experts who do not coincide 
in time or space and also aims to avoid the 
negative influence that could be exercised 
by factors in the individual answers in 
terms of the personality and status of the 
participating experts.  

- Controlled feedback. The exchange of 
information between the experts is not free 
but is carried out by means of a study group 
coordinator, so that all irrelevant 
information is eliminated. 

- Group statistical response. All the opinions 
form part of the final answer. The questions 
are formulated so that the answers can be 
processed quantitatively and statistically. 

3 EVALUATION OF THE DELPHI METHOD 

The Delphi method was quickly accepted and 
spread rapidly because it provided valuable 
solutions to problems inherent in the traditional 
group opinion based on direct interaction: a 
reduction in the influence of some undesirable 
psychological effects among the participants 
(inhibition, dominant personalities, etc.), selective 
feedback of the relevant information, more 
extensive consideration thanks to the repetition, 
statistical results, flexible methodology and simple 
execution. 

However, the method is not exempt from 
significant methodological weaknesses, highlighted 
in numerous works (Overbury, 1969; Sackman, 
1974; Linstone and Turoff, 1975; Murray, 1979, 
Stewart, 1987; Gupta and Clarke, 1996; Kenney et 
al, 2001), such as its basic source of information 
(who is expert, what biases each expert has, etc.), 
the use of consensus as a way to approach the truth, 
the limitation of the interaction involved in 
controlled feedback, the restriction to the possibility 
of social compensation for individual contribution 
to the group, the impunity conferred by the 
anonymity with respect to irresponsible actions, the 
ease inherent in the methodology of interested 
manipulation by the person running the study, the 
difficulty of checking the method's accuracy, the 
time required to carry it out, the effort required on 
the part of the participants and the non-
consideration of possible inter-relations between the 
forecast incidents. 

In addition to these methodological weaknesses, 
the Delphi has also received criticism which is not 
due to the technique itself but to its deficient 
application (Landeta, 1999), such as the not very 
rigorous selection of experts, the lack of explanation 
concerning its evolution and dropout, questions and 
problems that are badly formulated, insufficiently 
analysed results, etc. 

This series of characteristics or weaknesses 
inherent in the methodology usually result, on 
occasion, in a certain "disappointment" with the 
technique, both among researchers running a Delphi 
exercise for the first time as well as in those who 
take part as experts in this research. Consequently, 
although it is a relatively well-known and widely 
used technique, it is not very attractive for use on 
more than one occasion and, among those who 
know it superficially, it often has an image of a 
"troublesome" technique and relatively "worn-out".  

 
In our opinion, this sensation is due principally 

to the contrast existing between the apparent 
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simplicity of the technique, which motivates 
neophytes to use it the first time, compared with the 
work and difficulty involved in its execution 
(ensuring the initial collaboration of the experts and 
particularly their responsible answers in different 
rounds). With respect to the participating experts, 
the negative sensation is usually caused because, on 
the one hand, they are asked to do a lot, since they 
must collaborate in a technique that they often don't 
know much about, having to answer practically the 
same question more than once, with a relatively 
long period of time in between and without really 
seeing how this can be totally justified, being asked 
again about something they have already answered. 
While, on the other hand, the interaction they have 
with the rest of the experts is very limited and 
mediated, so that the compensation for their 
participation is often reduced to a series of statistics 
they are sent (or that they have to look for on the 
internet) after a long time, which practically no 
longer interests them. They are often left with the 
feeling that they have been used and that they have 
received practically nothing in return. 

These problems increase in the area of Social 
Sciences, particularly in the professional 
applications on experts and directors of companies 
and institutions, always with problems of time and 
with whom there is no "emotional" or professional 
link to connect their participation in this kind of 
study. 

On the other hand, the comparisons made of this 
technique with statistical groups and classic direct 
interaction groups show mostly positive results for 
the Delphi method, although the comparisons made 
with comparable techniques, such as the Nominal 
Group, based on different criteria (accuracy, 
confidence, creativity, etc.) do not show conclusive 
results, neither in favour nor against (Van de Ven 
and Delbecq, 1974; Van Dijk, 1990; Sniezek, 1994; 
Rowe and Wright, 1999). 

With this background, and taking into account 
the time that has passed since the technique was 
conceived, it needs to be asked whether this method 
is still being investigated, if it is assiduously 
employed in academic and professional spheres, if it 
has overcome its weaknesses or if it has definitively 
been overtaken by other more developed 
techniques.  

4 VALIDITY OF THE DELPHI METHOD 

To evaluate the historical and current validity of the 
Delphi method we can use the publications carried 
out on this area over time as a reference. 

There have been various studies reviewing the 
literature on this area, but of particular note is that 
carried out by Gupta and Clarke (1996), who 
carried out an intensive search and classification of 
the articles published between 1975 and 1994, 
distinguishing methodological articles from those of 
application, and those in which the Delphi method 
appeared as the main subject of the article and 
where it was a secondary element. The result of 
their search was 463 articles, 254 of which dealt 
with Delphi as a main theme and the remaining 209 
as a secondary element. Of these main 254, 75 were 
methodological and 179 applied. Analysing in 
numbers and by periods of five years, with the 
exception of the first five-year period (1971-1975), 
where the number of articles with the Delphi as the 
main theme only numbered 21, in the remaining 
four five-year periods the number of articles was 
relatively constant (56, 56, 57 and 53 articles, 
respectively), indicating that, during this period, 
interest in the technique as a theme or research 
instrument did not fall. 

We have continued this search for articles 
dealing with the Delphi method as a main or 
secondary theme from 1995 to 2004. We have 
reviewed the Science Direct database which, 
according to its presentation, contains more than 
25% of the bibliographical information and 
scientific, technological and medical texts in the 
world, and also three significant databases 
specialised in the areas with greatest use of this 
technique: ABI inform (Economy, Finance and 
Business), Medline (Medicine and Nursing) and 
Psycho (Psychology).  The result reflects a growing 
degree of use of the technique, in the light of the 
number of articles published (Table 1) including the 
terms Delphi Method, Delphi Technique or Delphi 
Study in their titles or abstracts. 
 
Table 1. Frequency of Delphi articles Published over the 
Study Period. 
Database     Period   Delphi articles  
Science Direct 1995-99 367 
Science Direct 2000-04 571 
ABI Inform 1995-99 47 
ABI Inform 2000-04 106   
Psycho 1995-99 86 
Psycho 2000-04 162 
Medline 1995-99 361 
Medline 2000-04 547   

 
In the area of technological forecasting, 

significant and massive applications of Delphi at a 
national level have been noted, such as the studies 
carried out in Japan (Cuhls and Kuwahara, 1994), 
Germany (Blind, Cuhls and Grupp, 2001), Austria 
(Tichy, 2004), India (Chakarvartyy et al., 1998) and 
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Korea (Shin, 1998), reflecting a strong institutional 
commitment to this method in its field of use. 

Although the large majority of the publications 
concern applications of the technique, in the 
methodological area interesting contributions are 
still being published (Rowe and Wright, 1999; 
Rayens and Hahn, 2000; Dransfeld et al., 2000; 
Keeney et al., 2001; Blind, Cuhls and Grupp, 2001; 
Parenté et al., 2003; Okoli and Pawlowski, 2004; 
Tichy, 2004; Rowe, Wright and McColl, 2005). 

Finally, additional examples of the validity of 
the Delphi method as a research instrument can be 
found based on the number of Dissertations and 
Theses that have employed this technique. We have 
extracted this data from the ProQuest Dissertations 
and Theses database. We have also calculated the 
total number of research studies contained in the 
aforementioned database in each five-year period 
analysed, in order to establish the relative 
importance of doctoral research employing the 
Delphi technique compared to the total number of 
studies. The results of this search are shown in 
Table 2. 

 
Table 2. Frequency of Delphi Dissertations and Theses. 
Years     Delphi Theses   % of total 
1965-69 0 0.000000 
1970-74 44 0.000152   
1975-79 99 0.000487 
1980-84 298 0.001320 
1985-89 335 0.001398 
1990-94 335 0.001157 
1995-99 281 0.000924 
2000-04 260 0.000924   

 
The data show that, in the area of doctoral 

research, the technique reached maximum interest 
during the decade of the 80's, but currently 
maintains a notable level of employment, relatively 
stable, seeming to indicate that, once the effect of 
fashion or novelty had been overcome, the scientific 
community has accepted this technique as another 
research technique, with present-day validity and 
use. 

Analysing the data as a whole, articles and 
doctoral theses, a growing use of the technique is 
observed in research published in articles, while in 
theses its use is decreasing slightly. 

5 SOME RECENT APPLICATIONS IN SOCIAL 
SCIENCE 

In this section we are going to present a summary of 
some of our recent experiences within the area of 
social sciences, carried out by external and 

professional request, which contain some relatively 
rare characteristics compared with other Delphi 
studies published (due to their scope of application, 
methodology or size). These studies show how this 
technique can be adapted  to different social 
realities and requirements, making a positive 
contribution to social progress, provided it is 
applied with the necessary methodological rigour 
and with a good knowledge of the social medium in 
which it is being applied. 

5.1 Delphi Application 1: Model for imputing 
individual tourist expenditure in Catalonia 

5.1.1 Objective:  
This work (Landeta et al, 2002) analysed the 
minimum tourist expenditure of visitors to 
Catalonia coming from the other autonomous 
communities in the state of Spain. The tourist 
expenditure per person was analysed based on its 
breakdown into four sources of expenditure: 
accommodation, board, transport and other 
expenditure (sundry expenses).  

The aim of the study was to obtain reliable 
estimates of minimum expenditure by tourists 
visiting Catalonia by means of the interaction of a 
group of experts in the tourist area employing a 
Delphi methodology. The aim was not to obtain all 
the estimates that would lead to a quantification of 
this expenditure but only those that could not be 
achieved based on the available data or more 
objective sources.  

The ultimate aim of the estimates provided by 
this work was to complete the input for a model of 
imputing tourist expenditure that could be used by 
the Statistics Institute of Catalonia (IDESCAT) in 
the case of not obtaining a reliable answer to this 
question in the periodic surveys carried out.  

5.1.2 Participants 
The coordinating team was made up of four 
researchers from the Institute of Applied Business 
Economy (IABE) of the University of Basque 
Country (UPV/EHU)  and of four specialists from 
IDESCAT and from the Department of Industry, 
Trade and Tourism of the government of Catalonia 
(two per body). The panel of experts was made up 
of 14 agents with in-depth knowledge of the 
Catalan tourist sector: tour operators, travel 
agencies, tourism offices, representatives from the 
hotel, restaurant, apartment and campsite sectors, 
people who travel intensively in Catalonia, 
university specialists and tourism consultants. 
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5.1.3 Process and dates 
The questionnaire had 90 quantitative items and, in 
each of the questionnaire's sections, the experts 
were required to provide any information or 
comment they felt was relevant to the questions 
asked and the answers given (qualitative 
information). 

The experts had to assess their own degree of 
knowledge or mastery (high, medium or superficial) 
for each question, and this self-assessment as used 
to weight their answers. 

The questionnaire pre-test was carried out by 
Catalan members of the coordinating team at their 
respective organisations. 

Three Delphi rounds were carried out. The first 
started on the 16th of November 2000 in Barcelona, 
with a meeting to present, explain and involve the 
participants, almost all of the panel attending, as 
well as the Catalan members of the coordinating 
group, the author representing the IABE team and 
authorities from IDESCAT and from the 
Department of Industry, Trade and Tourism of the 
government of Catalonia.  

The feedback was structured by the coordinating 
group, which the experts received, and, together 
with the questionnaires of the next two rounds, were 
statistical data by item obtained from the 
distribution of the answers (individual estimate in 
the previous round - specific data from each expert - 
mean, lower quartile, upper quartile, minimum and 
maximum) and additional information, qualitative 
or quantitative, coming originally from the experts 
themselves.  

The process ended on receipt of the third 
questionnaire from the last of the 14 experts on the 
25th of December 2000.  

5.1.4 Results 
The main trend and spread were obtained of the 90 
items requested, together with valuable qualitative 
comments. 

With respect to the intrinsic quality of the 
exercise, various indicators allow us to deduce that 
this was good: 

- The quality and stability of the panel of 
experts. All those selected took part until 
the end. 

- The time between rounds. Less than two 
months.  

- Comments gathered from the experts. 
Abundant, high quality qualitative 
information. 

- Stability of the results between rounds. The 
degree of group and individual stability in 
the answers between rounds 2 and 3 was 

much higher than that between rounds 1 
and 2. 

- Consensus and convergence of opinion. 
Consensus was achieved in over 50% of the 
items, with a spread rate below 20%, and 
for 89 of the 90 questions the degree of 
consensus was higher than that shown in 
the first round. 

With respect to the social validity of the study, 
this was clearly positive as the results have been 
used successfully by IDESCAT for the purpose for 
which they were obtained, and they were so 
satisfied that they promoted new uses of Delphi 
oriented at inputting quantitative economic and 
statistical models. The success of the project 
culminated with a public presentation of the study 
and a lunch with the participation of all the experts 
and the study coordinators. 

5.2 Delphi Application 2: Drawing up the Input-
Output Tables for Catalonia 

5.2.1 Objective:  
In this study (Landeta et al, 2004), the Delphi 
technique was also used as input for a quantitative 
economic model, specifically in drawing up the 
Input-Output Tables for Catalonia (TIOC 2001). 
The Input-Output Tables (Leontief, 1966) are a 
statistical-accounting instrument that represent the 
whole of the economic relations between the 
different agents in a zone over a specific period of 
time. They are widely used, both for statistical and 
analytical purposes. 

In order to prepare these tables, information is 
required on the functions of production (inputs with 
their corresponding origins and proportions) of the 
homogenous products of the economy under study, 
in this case that of Catalonia. 

Traditionally, this information had been obtained 
by postal surveys to random samples of firms. In 
this project it was decided to use the Delphi method 
as an alternative to the classic procedure of survey 
and statistical inference for three main reasons: 

- To improve the quality of the information 
provided by companies. The traditional 
system guarantees the number of answers 
but not their quality. By means of the 
Delphi, direct contact was set up with 
business experts who had a better 
knowledge of such specific information, 
such as the functions of production of their 
products, as well as the origin of their 
inputs and of the services used. These were 
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normally the purchasing directors, 
supported by the finance directors.  

- To eliminate rejection due to the 
communication, on the part of companies, 
of information of a strategic and reserved 
nature, such as the cost structure of their 
products. This was achieved by asking 
about the function of the production 
characteristic of the product in general, not 
of the company's product in particular. This 
also helped to obtain more reliable 
information. 

- To reduce costs. A traditional survey has 
very high costs. It involves getting 
information from a minimum of 20,000 
firms (to be broken down into 200 
homogenous products), while the Delphi 
method means that this information could 
be obtained with a much lower number of 
companies (approximately four per 
product). 

This way of obtaining information is supported 
by the methodology of the SEC-95 (Regulation 
(EC) no. 2223/96, pg. 285), when it is proposed to 
draw up symmetrical input-output tables by using 
the option to resolve the problem of obtaining 
internal information from companies "exploiting, as 
far as possible, qualitative information from 
experts". However, this is the first real experiment 
we have heard of using the group opinion of experts 
instead of a traditional survey. 

5.2.2 Participants 
The coordinating team was made up of three 
researchers from the Institute of Applied Business 
Economy (IABE) and of a team of specialists from 
the Statistics Institute of Catalonia (IDESCAT). The 
panel of experts, divided into 121 sub-panels 
(involving de facto 121 Delphis), one for each 
homogenous product analysed, was made up of 465 
directors, normally purchasing directors, 
representing as many Catalan firms.  

5.2.3 Process and dates 
A different questionnaire was designed for each of 
the 121 industrial products it was decided to use the 
Delphi technique for, asking about the consumption 
of the main raw materials normally used in making 
the product (20 estimates or boxes, maximum), 
giving them a guiding reference taken from some 
American I-O tables, and about the geographic 
origin of the purchases of raw materials 
(percentages from Catalonia, Rest of Spain, Rest of 
European Union and Rest of World). Another 
additional questionnaire was also prepared per 

product regarding the consumption of external 
services (42 estimates) and their geographic origin.  

All the people providing information or experts 
were invited to attend a session to present the study 
and explain to them the purpose of the information 
they were going to be requested and the repetitive 
mechanism to be followed. To facilitate the 
presentations and organisation, the 121 products 
from the manufacturing sector were distributed into 
11 groups and 23 presentations were made in total.  

The process started with a pilot Delphi in June 
2002. The experts were asked on two occasions 
(two Delphi rounds), receiving in the second round 
the group results for their product, as well as the 
specific contributions made by the rest of the 
experts.  

In October 2002 the general industrial Delphi 
was progressively launched. The second round of 
the study was carried out approximately two months 
later, depending on the group, and the data from this 
second round was complete by June 2003. 

5.2.4 Results 
Measurements of the main trend were obtained 
(those required as input to the Input-Output tables) 
for the raw materials, components and auxiliary 
services of the 121 products analysed, together with 
valuable qualitative comments. 

Different indicators allowed us to evaluate 
positively the quality of the execution of this Delphi 
application: 

- The quality and stability of the panel of 
experts. 465 experts took part from the most 
relevant Catalan firms, of which 85% 
answered both rounds.  

- The time between rounds. Less than three 
months, approximately 5 months in total.  

- Comments gathered from the experts. 
Copious and high quality qualitative 
information. Numerous raw materials 
provided by the experts that had not been 
previously suggested, suggestions for 
reclassification, positive ratings of the 
Delphi method for obtaining information. 

- Stability of the results between rounds. As a 
consequence of the interaction and 
repetition, 65% of the experts modified 
their opinion, 25% on average modifying 
their individual estimates.  

- Consensus and convergence of opinion. The 
average consensus in the second round was 
greater than in the first. The average typical 
deviation σ of the different distributions 
from the first round was 3.35, while it was 
2.43 in the second round. 
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With respect to the social validity of the study, 
the results obtained (means of the contributions of 
the experts per item and product) have been 
effectively employed in drawing up the 
aforementioned tables, after processing the data 
with weightings that adjust the relative value of the 
experts' answers according to their importance in 
terms of the turnover of the company they 
represent.  

We may assume that the data obtained are of 
equal or greater quality than those obtained by 
means of traditional surveys and it is certain that 
these have been achieved at a lower financial cost.  

The technique has also revealed itself as valid 
for giving Idescat and the Departments of the 
Economy and of Industry and Trade of the 
government of Catalonia a better image and 
bringing them closer to the Catalan industrial firms. 

5.3 Delphi Application 3: Delphi consultation on 
the Ley de Ordenación Universitaria 
(University Organisation Act) for the 
Autonomous Community of the Basque 
Country  

5.3.1 Objective 
In 2002 the Basque government needed to promote 
its own University Organisation Act (LOUV in 
Spanish) to replace that which, since 1998, had 
governed the functioning of the Basque university 
system, adapting this to the new context arising as a 
result of the commencement of the Ley Orgánica 
Universitaria  or Public General University Act 
(LOU in Spanish), of higher rank. This Basque act 
aimed to contain, as far as possible, the feelings, 
opinions and interests of those social agents most 
involved or affected by it, so it was necessary to 
begin a consultative process with these agents. 

The characteristics of the group involved and of 
the consultation context led us to select a technique 
with indirect interaction, specifically the Delphi 
method, in order to achieve the objectives of 
obtaining quality information and opening up 
channels of social involvement, as desired by the 
Basque government, and which also could be 
favourably accepted by the people involved in the 
consultation, also overcoming the limitations that 
would arise in this social consultation process.  

The aim of this technique was to avoid the 
problems resulting from the multi-campus location 
of experts, their frequent travelling and stays 
abroad, their different timetables, the differences 
between status and  personality, the influence of 
their group or class interests and possible prejudices 
or concerns of a political nature (it is a highly 

political university, a reflection of Basque society). 
It was also necessary to complete consultation 
within a limited period of time and of practical 
duration (the new act had to be brought out within 
one year), at the end of the process obtaining results 
with a high degree of specificity and clarity that 
could be communicated to the rest of society, with 
which the legal and political levels of the 
government could work, and which were a faithful 
reflection of the feelings and knowledge of all the 
university community. It was a clear example of the 
Delphi Policy (Turoff, 1970; Tapio, 2002) 

5.3.2 Participants 
The coordinating team was made up of the Vice-
Minister of Universities of the Basque government 
and by this researcher of the Institute of Applied 
Business Economy, supported by an external team 
to the government and University with experience 
in university consultation, which has basically been 
responsible for the technical and operational process 
of the Delphi study. 

The experts were selected from the group of 
lecturers of the University of the Basque Country 
(directly and through their union representatives), 
paying attention to their experience, prestige and 
academic and geographic assignment, students 
(through their student representatives), 
administration and service staff (through their union 
representatives), relevant persons from other 
Basque universities (privates) and other experts 
related to Basque university. In total 115 experts 
took part in the first round. In the second round 
their number fell to 50. 

5.3.3 Process and dates 
The process started with a visit by the Vice-Minister 
of Universities to the main centres and groups in 
order to present the consultation project and to 
ascertain university feeling, at the same time as 
making it clear to the universities the importance 
placed on their opinion and the consultation process 
about to be started by the government. 

The initial questionnaire, which contained 22 
questions, was drawn up by the coordinating team 
and contrasted in restricted university and 
government circles. The questionnaire asked about 
different aspects related to the organisation of the 
Basque university system, selected due to their 
particular relevance with respect to the areas to be 
governed by the new Basque law. 

Instead of the classic postal or electronic 
questionnaire, we employed qualified interviewers, 
aware of the idiosyncrasies of the university 
community and trained for this specific study. The 
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interview process took place during the month of 
July 2002. Each interview lasted 60 minutes so that 
quantitative opinions could be gathered (generally 
on a Likert scale), as well as valuable and numerous 
rationales and comments.  

The second questionnaire was sent and collected 
by email during the months of September and 
October. It is important to point out that, with each 
question, a large amount of qualitative information 
was fed back on the contributions of the group, but 
no quantitative information. In other words, unlike 
the vast majority of Delphi studies published, in this 
research the experts were not provided with any 
measurement of the main trend nor of the spread of 
the distributions of the answers in the previous 
round. Not even their own answer in the previous 
round. The objective of this work was not to obtain 
the greatest degree of consensus of the group of 
panellists but to encourage the different opinions 
and feelings latent in Basque university, making 
them exchange their rationales and helping 
everyone learn from each other so that, ultimately, 
an effective and sufficiently accepted act could be 
achieved. 

5.3.4 Results 
The study results have satisfactorily met  the 
objectives and initial expectations, as the opinions 
of the university community have been gathered, 
both group as well as by professional group and 
class, on the aspects consulted with respect to the 
drawing up of the act on the organisation of Basque 
university, with a detailed and ordered list of the 
reasons in favour and against the positions of the 
participants on each question and, by extension, of 
the professional classes to which they belong. 

As in previous cases, we used different 
indicators in order to evaluate the quality of the 
Delphi exercise: 

- The quality and stability of the panel of 
experts. The vast majority of the experts 
who were invited to participate did so. The 
number of contributions in the second 
round fell by half, but the experts were 
warned that, if they did not reply, their 
answers from the first round would remain. 

- Time between rounds. The answers to the 
two questionnaires were collected in less 
than three months. 

- The quality and intensity of the 
participation. Each interview lasted an 
average of one hour. Apart from the 
answers to the 22 Likert-type questions, 
each expert also made an average of 1.26 
qualitative contributions per question. 

- The percentage of change in opinion in the 
second round. On average and per question, 
25.39% of the experts who answered in the 
first round had modified their question to 
some extent with respect to the first answer. 
If we only consider the experts who 
answered in the second round, 57.33% of 
these modified their previous estimate. 

With respect to the social validity of the study, 
this has been a very positive experience in 
Administration-Society-University communication, 
starting with the visits by the Vice-Minister. The 
final report on the study was circulated to all the 
community on the university website, with express 
announcements of its union representatives to see it. 
The report circulated throughout the unions and 
political groups, which had the chance to get to 
know the opinions and feelings of the university at 
first hand and without bias. 

The Basque University Organisation Act  was 
finally drawn up and passed. This fact, which 
apparently has no direct relationship with the 
success of the study since acts are approved by 
parliamentary majorities irrespective of their social 
referendum, does have a direct relationship in the 
particular case of the Basque political reality. The 
autonomous government has an insufficient 
parliamentary majority to pass laws if the rest of the 
political forces are against them. Due to the 
situation of political tension experienced over the 
last few years, in this legislature very few acts have 
been passed, this being one of them (on the 25th of 
February 2003). 

5.4 Delphi Application 4: Observatory of 
employment insertion and emerging 
professional trends 

5.4.1 Objective:  
The University of La Rioja, in collaboration with 
the government of La Rioja, has created an 
Observatory of Employment Insertion and 
Emerging Professional Trends in order to find out 
the opinions and needs of social agents, in particular 
of employers, concerning future trends in the job 
market. Within this context, a Delphi application is 
being carried out to discover the main sources of 
employment, the skills and knowledge required 
from university graduates and the postgraduate 
training that would be advisable to offer for the 
region of La Rioja.  

In this research, use is being made of the 
knowledge of the La Rioja social agents, mainly 
employers from the main firms and administrations, 
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in order to obtain information to be able to adapt 
what is offered by the university to the most 
relevant current and future needs of La Rioja 
society.  

5.4.2 Participants 
The coordinating team is made up of this researcher 
from the Institute of Applied Business Economy 
and by a team of specialists from the University of 
La Rioja (UR), led by the vice-rector in charge of 
the project. University lecturers from the different 
areas involved have collaborated in drawing up the 
questionnaires and the panels of experts. 

The panel of experts has been divided into 5 
sub-panels (5 Delphis, in total), according to the 
different disciplines within the UR (Economy and 
Business, Legal Sciences, Humanities, Engineering 
and Science), the smallest sub-panel having 21 
experts and the largest 42. In total 154 people from 
companies and institutions have taken part.  

5.4.3 Process and dates 
The questionnaires for the sub-panels have been 
designed in a different way, since the sources of 
employment suggested, the profiles or knowledges 
valued and the postgraduate programmes under 
consideration are specific to each sub-panel. Only 
the skills are common. 

Once the questionnaires and panels had been 
prepared, the process began with a pilot Delphi with 
one of the sub-panels (Economy and Business). On 
the 23rd of November 2004, the study was 
presented to the panellists, where its purpose, 
methodology and expectations with respect to the 
panellists were explained. The answers to the 
second round had already been gathered by the 23rd 
of December.  

The general Delphi was launched on the 14th of 
March 2005, also with a presentation to the experts 
of the four remaining panels, and the process of 
gathering the answers from the second and last 
round finished on the 27th of May. 

5.4.4 Results 
At present, only the full results from the pilot 
Delphi are available, as well as those of the global 
participation. 

The quality indicators dealt with in the first 
Delphi have shown positive results, leading this 
pilot Delphi to be considered as valid and not 
requiring repetition, and have allowed us to embark 
on the general phase with greater confidence and 
knowledge. The results have been as follows: 

- The quality and stability of the panel of 
experts. 21 experts took part from the most 

relevant companies and institutions in La 
Rioja, of which 19 (91%) answered both 
rounds. In the  general Delphi 133 experts 
are taking part, of which 122 (92%) have 
answered both rounds. 

- Time between rounds. One month from the 
launch of the first questionnaire to receipt 
of the answers to the second questionnaire.  

- Comments gathered from the experts. 
Numerous contributions that have been fed 
back in the second round, both sources and 
skills, knowledge and postgraduate training, 
as well as rationales and explanations. Very 
positive ratings have also been gathered on 
the Delphi method for obtaining the 
information. 

- Stability of the results between rounds. 
Around one third of the experts, on average, 
modified their initial estimate in each of the 
five sections studied. 

- Consensus and convergence of opinion. The 
average consensus in the second round was 
greater than in the first. In sources this 
increased by 83% and in the rest of the 
points between 23% and 33%. 

On the whole, the rating has been highly 
positive, leading the UR and the government of  La 
Rioja to launch the general Delphi, which will be 
completely finalised by July. Its results are expected 
to be valuable in taking decisions concerning the 
configuration of the education offered by the UR. 

6 CONCLUSIONS AND LESSONS LEARNED 

By searching through and reviewing the literature, 
we have been able to confirm that the Delphi 
method continues to be used and is a valid 
instrument for forecasting and supporting decision-
making. 

The comparisons made to date with other 
techniques that share its scope and conditions of 
action do not provide decisive findings either in 
favour of or against the Delphi method, although 
comparisons with statistical groups and with classic 
groups using direct interaction do show results that 
are, in their majority, positive for this technique. 

It extent of use in research has not fallen over 
the last 30 years, and over the last 5 years there has 
even been a greater proliferation of articles using 
this technique as an instrument, particularly in the 
fields of Social Sciences (Business, Economics, 
Psychology) and Health Sciences (Medicine and 
Nursing). It is a usual instrument in the areas of 
technological and social forecasting, social 
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diagnosis, consensus interpretations of social or 
health realities, communication and participation. 
We should also note that, in spite of the technique's 
maturity, articles are still being published about the 
Delphi methodology. 

However, there are characteristics or weaknesses 
inherent in the methodology or its application that 
have not been completely corrected. These 
problems are greater in the area of Social Sciences, 
especially in professional applications carried out 
on experts who do not have an emotional or 
professional link or commitment to those running 
the study. 

The experiences we have presented here have 
provided us with evidence of the present and 
potential of the Delphi method in the areas of input 
for quantitative models by means of expert opinion, 
diagnosis of complex social situations, social 
forecasting, obtaining a consensus with respect to 
social needs and improvement in institutional 
participation and communication.  

On the other hand, the aforementioned 
experiences, and other earlier ones, have allowed us 
to learn certain lessons about effectively running 
professional Delphi exercises in Social Sciences. In 
summary, the lessons or aspects we feel particular 
attention should be paid to are as follows: 

1- Having institutional support to support and 
guarantee the beneficial purpose for 
society (and not an exclusively profit-
seeking aim for the team running the 
study) facilitates expert collaboration. This 
support must be visible in the acts and 
instruments of communication with the 
experts. 

2- Setting up a plural team to run the study 
with a perfect understanding of the 
technique but also with a very good 
knowledge of the area being studied, the 
experts in the area and their motivations 
and psychology. 

3- Selecting a panel of experts who can make 
an effective contribution to the theme 
being studied, with their degree of 
motivation to take part also being a key 
criterion. 

4- Putting oneself in the place of the expert. 
Thinking about what could motivate him 
or her to take part and to collaborate 
actively until the end of the process, what 
we could offer him or her and the effort 
involved for the expert. Generally it is 
necessary to sacrifice questions and rounds 
in order to guarantee panel participation 
and continuity. 

5- When possible, it is advisable to carry out 
a presentation of the study and emphasise 
its importance with the attendance of the 
experts. The expert becomes aware of the 
seriousness and relevance of the study, 
sees the people who are behind it, 
understands its methodology, any doubts 
can be clarified and fears removed, the 
experts can meet each other and commit 
themselves to taking part. Participants 
appreciate personal contact (McKenna, 
1994). This meeting also serves to 
differentiate, in principle, those who have 
a real interest in taking part (they come) 
from those who don't.  

6- Carrying out a pilot application to improve 
the precision and comprehension of the 
questionnaire and to calibrate any 
difficulties in managing and motivating the 
panel of experts and in administrating the 
study (Jairath & Weinstein, 1994) 

7- Encouraging the contribution and sending 
of qualitative feedback: comments, 
explanations and suggestions from the 
experts. Feeding this back so that the 
change in the estimate, if it takes place, is 
due to a real change or modification in 
opinion, caused by the new information. In 
other words, the interaction of qualitative 
information. This must help, on the one 
hand, in improving the quality of the group 
opinion (Rowe et al, 2005) and, on the 
other hand, in compensating emotionally 
those who contribute their knowledge, as 
in the following round they see their 
suggestions included in the questionnaire 
sent to all the experts. The expert must 
have a real sensation of taking part, both in 
providing information and constructing the 
study in collaboration with the rest of the 
panel and the people running the research. 

8- The study must not finish for the expert 
when the last completed questionnaire has 
been sent in but the expert must be aware 
when the study has finally finished and 
that his or her contribution has been of 
some use. It is vital to send the experts the 
results of the study as soon as possible, 
with a personalised letter of thanks and, if 
possible, holding an event to present the 
results by way of gratitude and as a 
farewell. 

Our experiences have shown us that, together 
with the methodological guidelines usually 
contained in the literature on the selection of 
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experts, on the formulation of questions and 
processing of data, following the logical guidelines 
of conduct indicated in this section means that both 
the researchers and the experts feel satisfied with 
having taken part in a Delphi study that has been 
effectively carried out, also achieving relatively 
high levels of reliability and validity for a technique 
of these characteristics.  

 As a final conclusion we may state that the 
opinion of experts and the techniques that help to 
improve the selection of experts, the externalising 
of their know-how and the integration and 
improvement thereof, as is the case of the Delphi 
method, are still fully valid in a context where the 
speed of change means that the future depends 
increasingly less on the past and more on the will 
of the agents of the present. This is particularly 
true in the field of Social Sciences, where the 
intervention of human beings, with all their 
complexity and variability, means that, on many 
occasions, objective data and relations and models 
based on these are insufficient to explain and 
forecast social actions. 
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1 INTRODUCTION 
Since the very first applications of expert judgment 
techniques and structured protocols, designers (ana-
lysts) noticed the limited accuracy and potential 
bias of the estimates provided by experts. Two main 
consequences came up from this evidence: The de-
sign of specific steps in protocols to train experts, 
and the design of many different techniques to help 
experts converting their ideas on probability esti-
mates in the elicitation sessions. Training sessions 
have been designed in many protocols with the in-
tention to achieve four main objectives:  

1) To motivate experts to provide rigorous an-
swers,  

2) to review probability and statistics con-
cepts, 

3) to train them to assess subjective probabili-
ties and 

4) to show them the origin of main biases in 
expert opinions.  

Usually, within some of the training sessions, 
analysts show experts how to assess probabilities 
using either direct techniques (direct probability as-

sessment, odd assessment, log-odd assessment) or 
indirect techniques (equivalent certainty, reference 
lottery, reference urn and probability wheel, among 
others). The experience acquired during many years 
using training sessions and probability assessment 
techniques has shown their adequacy to achieve bet-
ter quality opinions.  

The two triggering ideas for this work come 
from the experience obtained during the application 
of expert judgment studies in several nuclear safety 
problems during the last nine years. The first idea is 
related to the relative inefficiency of the training 
sessions dedicated to refresh the probability and sta-
tistics knowledge of the experts. The second one is 
related to the increasing difficulty of the problems 
that are proposed to the experts in some areas of 
science and technology. 

Experts participating in this kind of work usually 
left the University many years ago and concentrated 
their studies and efforts on those topics in which 
they are considered experts, having forgotten most 
of the knowledge they had about probability and 
statistics. Given the frequent time restrictions im-

 

ABSTRACT: During the last years, especially in some areas of science and technology, experts have shown 
a steadily increasing use of computer codes to base their assessments on them. Nevertheless, they usually do 
not have the necessary skills to run them in an optimal way. Additionally, experts do not usually keep in 
mind as much probability and statistics knowledge as would be desirable. The idea developed in this paper is 
related to the necessity of providing full statistical support to experts during the study period, and to design a 
new training session about the optimal use of computer generated information. 

The main techniques to be shown to experts are Monte Carlo simulation (to be used when fast running 
codes are available to experts), design of experiments (used with exploratory, screening or model-building 
purposes) and design of computer experiments (used mainly with exploratory purposes). 
The ideas developed in this paper come as a result of the experience of the author after either par-
ticipating in or coordinating several expert judgment projects. Most of these projects dealt with is-
sues within the area of severe accidents in Nuclear Power Plans. Some of the tasks done in some of 
those projects are shown at the end of the paper with illustrative purposes. 
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posed on training sessions, the probability and sta-
tistics training session uses to take between one 
hour and one hour and a half. During this time pe-
riod main concepts of probability, such as random 
experiments, independent events, conditional prob-
ability and Bayes’ theorem, among others, are re-
viewed. Most relevant probability models (poisson, 
exponential, normal, …) are also reviewed. But this 
is usually insufficient to get again the desirable 
skills in these matters. 

In many cases, the questions to be solved by the 
experts are complex enough not to be solved 
through some clever rationale, but need the use of 
complex computer codes that are able to take into 
account many potentially important factors. The ex-
perts aren’t in these cases experts by themselves 
anymore. We have a new expert that consists of the 
expert plus the computer code. The problem in this 
case is the same one as in the previous paragraph, 
experts do not remember, or even ever had, the 
knowledge to get information in a statistical effi-
cient way from their computer codes 

The aim of this work is to show the benefits of 
having a competent set of analysts that may provide 
help to the experts in both areas: Probability and 
statistics support needed ad-hoc and tools to get as 
much information as possible from computer codes 
used by experts. 

2 BACKGROUND 
The ideas developed in this paper come as a result 
of the experience of the author after either partici-
pating in (Cojazzi et al, 2000, Mengolini et al., 
2005), or coordinating (Bolado & Ibáñez, 1999, Bo-
lado y Gallego, 2000, Bolado e Iglesias, 2001) sev-
eral expert judgment projects. Most of these pro-
jects dealt with issues within the area of severe 
accidents in Nuclear Power Plans (NPP’s). 

2.1 Experts and computer codes in nuclear safety 
issues 

Severe accidents are accidents that were not 
originally foreseen in the design of the nuclear 
power plant because of their extremely low prob-
ability, though their consequences could be ex-
tremely adverse. This kind of accidents involves 
quite a complex physical-chemical phenomenology, 
whose modelling requires complicated computer 
codes. The fastest computer codes to address these 
problems are lumped parameter codes, which typi-
cally, for a whole NPP, take a several hours per run, 
conditional on the number of compartments used to 
simulate the behaviour of the system (frequently, 

the larger the number of compartments, the larger 
the computing time). The slowest computer codes 
available to address these problems are Computa-
tional Fluid Dynamics codes (CFD’s), which typi-
cally need tens of hours per run (conditional, in this 
case on the number of nodes in the net used for 
simulating system behaviour). 

Most of the experts participating in the projects 
mentioned above needed the use of a computer 
code. Usually they felt that they could provide some 
rough estimates not using them, but they preferred 
to use the computer codes they mastered. With al-
most no exception, the reason for such a decision 
was related to the complexity of the problem. They 
considered that using computer codes guaranteed 
that they would miss neither any physical-chemical 
process nor any detail related to the geometry of the 
problem. In fact, the correctness of these opinions 
was confirmed at least twice along these expert 
judgment applications (Bolado & Gallego, 2000; 
Bolado & Iglesias, 2001). In both cases, after their 
first study of the problem, the experts involved in 
the exercise outlined an expected behaviour of the 
NPP, which was rejected after getting the results of 
a few computer code runs. In both cases the final 
opinions differed enormously from the previously 
outlined ones due to those dramatically different 
expected behaviours. 

2.2 Training sessions      

Most of the expert judgment protocols devel-
oped so far involve training sessions within their 
first steps. Training may be divided, conditional on 
the protocol used, in two or three sessions. One of 
the sessions is devoted to explaining to experts main 
biases (systematic errors) that may affect their opin-
ions, and heuristics (simple rules) normally used by 
experts to base their opinions on them. This training 
session is based on the huge scientific literature 
written mainly by psychologists, and uses to be 
highly appreciated by experts because of the many 
pertinent and illustrative examples available.  

Another session is devoted to the review of main 
concepts in probability theory, usually including 
some incursions in statistics. Main topics tackled in 
this session are 

• Random experiment 
• Dependent and independent events 
• Probability axioms 
• Interpretations of probability (classic, fre-

quentistic, Bayesian, …) 
• Bayes’ theorem as a tool to update informa-

tion 
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• Random variables (continuous and discrete), 
probability density functions, probability 
mass function and cumulative probability 
distribution 

• Different probability models of interest 
(Poisson, Bernouilli, binomial, geometric, 
negative binomial, uniform, normal, log-
normal, exponential, Weibull, gamma, …) 

Depending on the problem to be solved some 
additional points could be included in this session, 
as for example some more specific probability mod-
els, if they are deemed interesting for the specific 
application. Sometimes, the analysts introduce some 
probabilistic modelling techniques, such as influ-
ence diagrams or event trees, in order to let experts 
know additional ways to model problems in a prob-
abilistic environment. In some protocols statistical 
concepts such as random sample, confidence inter-
vals and statistical tests are also introduced. Never-
theless, though this session is unavoidable because 
of the necessity to recall those concepts, it is just a 
review, and not all ideas associated to those main 
concepts can be recalled as well as would be desir-
able.   

The last session is devoted to train experts to 
provide formal judgments, starting with easy prob-
lems/questions and ending with some other more 
difficult ones. This session is sometimes performed 
together with the previous one and is also found 
quite interesting by experts, since many of the prob-
lems shown in the training session about biases and 
heuristics dramatically appear in the first attempts to 
provide estimates.    

2.3 The problem.  

After attending the training sessions, experts are 
aware of the probabilistic framework under which 
they have to provide opinions. They know that their 
opinions should include the uncertainty they have 
about the different issues tackled, and they do also 
know that uncertainty should be characterised as 
probability distributions, either complete or de-
scribed through their main quantiles. 

Nevertheless, two problems do usually arise. The 
first problem is the way they should follow to get 
probabilistic information from their computer codes 
in an efficient way. The second one is related to the 
practical use they may make of the concepts re-
called during the training session on probability. 

Most experts in the area of nuclear safety and 
severe accidents have a mechanistic and determinis-
tic background. Many of them have collaborated to 
the development, improvement and validation of the 
computer codes they are using. Quite commonly 

they run their codes to get point estimates of the be-
haviour of the system under given circumstances in-
stead of providing probabilistic estimates. Most ex-
perts are not aware of methods for propagating 
uncertainties such as the Monte Carlo method, or of 
statistical methods to get relevant information about 
computer codes such as the theory of Design of Ex-
periments or the more recent theory of Design of 
Computer Experiments. When asked about a 
method to test the sensitivity of their codes to dif-
ferent input parameters, the most common answer is 
the one-at-a-time method (OAT), which, a long time 
ago, was demonstrated to be a very inefficient 
method. The point is that, when asked about provid-
ing opinions in a probabilistic framework, they will 
use their computer codes to get that information, but 
they could do it in a very inefficient way, unless 
they get some advice from the analysts’ team.  

Though the session about probability is neces-
sary, it is not enough. As pointed out in the previous 
section, in that session there is not time enough to 
recall as many details as would be desirable in 
many case studies. Let’s provide an example. The 
most common way to simulate the appearance of 
ignition sources in a compartment in a NPP under 
severe accident conditions is as a Poisson process 
(over time and volume; the rate λ would have di-
mensions [L-3T-1]). In case it could be needed, it is 
almost impossible to find an expert in the physical-
chemical processes involved that could be able to 
compute, either analytically or through simulation, 
the distribution of distances between one ignition 
source and the next one or the distribution of dis-
tances between ignition sources and a given point in 
the compartment (both are easily computed by 
Monte Carlo simulation). 

Next section describes ideas proposed to im-
prove the training process regarding the two men-
tioned aspects.       

3   IDEAS PROPOSED 

The idea is to provide experts training about how to 
run their computer codes in the most efficient way 
and to let them know that they will have full sup-
port from the analysts in any issue related to prob-
ability and statistics. The training about efficient use 
of computer codes is implemented through a normal 
training session where main concepts about this 
subject are reviewed. The objective of this session 
is not to ‘teach’ them this specific matter, but to let 
them know the set of available techniques, the con-
ditions under which they could or should be used, 
and the availability of the project team to provide 
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them any support they could need related to the use 
of these techniques. Regarding the support in gen-
eral probability and statistics issues, it is just a mat-
ter of letting them know the kind of support they 
could get. In what follows we develop both ideas. 

3.1 Probability and Statistics support 

As already mentioned, the training session on prob-
ability is just a review of important concepts; no 
huge improvement in probability skills should be 
expected from experts after such training. It is not 
reasonable to expect they keep in mind, for exam-
ple, all the relations between Poisson, binomial, 
geometric, exponential, negative binomial, uniform 
and gamma distributions that appear in a Poisson 
process in one dimension. What is in fact reason-
able is that, after the training, they become able to 
ask the project team members for specific help 
when addressing some probability (or statistics) is-
sue that arises in their work.  

It is difficult to summarise all the tasks in which 
the project team may provide help to the experts, 
due to the huge number of different questions that 
could arise. Let’s write a non-exhaustive list: 

• Experimental data analysis (use of multi-
variate analysis techniques with different 
aims, e.g. checking homogeneity of different 
data sources, or use of regression techniques 
to find correlations between data corre-
sponding to different parameters). 

• Distribution fitting 
• Modelling problems via event trees or using 

influence diagrams 
• Theoretical support on probability 
• Simulation of stochastic problems 

The key point in this case is that, if the expert 
knows what kind of help he/she may get from the 
analysts, he/she will handle more efficiently the 
problem proposed. 

3.2 Training session on computer code statistical 
support 

This session is oriented to provide general informa-
tion to the experts about the kind of support they 
may expect from the project team regarding the ef-
ficient use of their computer codes. Certainly, the 
kind of support depends essentially on the speed of 
the computer code used by the expert. Conditional 
on the number of runs the expert will be able to get 
during the study period, she/he will find useful dif-
ferent possible tools and will get different types of 
information. In some cases, the number of input pa-
rameters considered in the computer code could also 

be relevant regarding tools to be used and expected 
benefits.  

 In principle, the tools and techniques to be pro-
posed and shown to the experts may be divided into 
three types: 

• Tools to be used when fast or relatively fast 
computer codes are used (from several tens 
of runs obtainable during the study period, 
let’s say from 50 runs ahead), 

• tools to be used when the computer codes 
available are neither fast nor slow (a few 
tens of runs may be obtained, let’s roughly 
say between 20 and 50), 

• And tools to be used when the computer 
codes available are slow (just a few runs are 
reasonably obtainable, let’s say less than 
20). 

According to this classification (numbers shown 
in the previous list are shown as an indication, they 
shouldn’t be considered as absolute limiting val-
ues), the session should be divided into three parts, 
one dedicated to each case. Explicitly, in an almost 
one to one relation with the previous list, the fol-
lowing approaches could be addressed in the three 
consecutive parts of the session: 

• Monte Carlo approach 
• Design of experiments approach 
• Design of computer experiments/design of 

experiments approach 
In what follows is a description of the methods 

to be shown in the three parts of the session. 

3.2.1 Training on Monte Carlo techniques 
When the expert is using a fast running code, the 
Monte Carlo approach is the best option to get a lot 
of information about the model itself and the results 
it provides. One of the most attractive characteris-
tics of this approach for experts is the fact that, in 
many cases, the Monte Carlo simulations will pro-
vide in a straightforward way the answers to the 
questions asked by the project team in the right 
probabilistic framework. In other cases some further 
work will be needed. A full Monte Carlo analysis 
may be divided into five steps: 

1. Identification of relevant input parame-
ters and characterisation of their uncer-
tainty/range of likely variation. 

2. Sampling. 
3. Uncertainty propagation (running the 

code as many times as needed and pos-
sible). 

4. Characterisation of the uncertainty of the 
outputs and interpretation of results. 

5. Sensitivity analysis.  
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In addition to a short conceptual introduction to 
the method, some notions should be introduced re-
garding steps 1,2,4 and 5 in the previous list. 

3.2.1.1 Identification of relevant input parameters 
and characterisation of their uncertainty/range of 
likely variation. 
Experts know that the uncertainty they have about 
the questions brought for their analysis has two 
sources: 1) The uncertainty in the inputs and 2) the 
way that uncertainty is propagated by the 
model/computer code. The part of the propagation 
is done automatically by Monte Carlo method, but 
the expert must estimate the uncertainty in the in-
puts. Experts’ attention is drawn in this case to the 
two classical training sessions. Nevertheless, ana-
lysts should tell to the experts that characterisation 
of uncertainty is not so crucial in this step. Three 
ideas should be taken into account regarding this 
step: 

• Full distributions are needed in this step, not 
just percentile estimates (if the expert is able 
to provide just percentile estimates, the pro-
ject team should fit cumulative distribution 
functions to the points provided by experts). 

• What is really important is to determine very 
well the ranges of variation 

• In the case of doubt, ranges should be wid-
ened in order not to exclude any possible 
combination of inputs. Independence be-
tween input parameters should also prevail 
in case of doubt because of the same reason. 

3.2.1.2 Sampling 
Analysts give main notions to experts about differ-
ent ways to get a sample from a set of input distri-
butions, including some variance reduction tech-
niques to get more accurate estimates. In principle 
three techniques should be shown to the experts: 

• Random sampling. 
• Latin Hipercube sampling (LHS). 
• Stratified sampling. 
Additionally, the concept of dimension reduction 

in propagation of uncertainties could also be intro-
duced; it could be useful for some experts. 

Some notions should also be introduced regard-
ing sample size selection. It is interesting to intro-
duce the concept of tolerance interval (one sided 
and two sided). Conditional on the speed of the 
computer code, this concept will be of help to select 
the sample size and to know what can be expected 
from that sample in terms of coverage of the output 
variables. 

3.2.1.3 Characterisation of the uncertainty of the 
outputs and interpretation of results 
After running their codes, experts will get samples 
from the output variables, and usually they will not 
know how to handle these samples to get from them 
as much information as possible. Usually they will 
be able to compute most common statistics such as 
the mean, the variance and the standard deviation, 
but they seldom know how to compute other statis-
tics and to interpret then. Additionally, some graph-
ics could also be of help to them in order to under-
stand more precisely what is the behaviour of the 
outputs they are getting. In this step of the training 
session, the main statistics they could use could be 
introduced and their meaning could be explained. 
Among those that deserve some attention are: 

• Mean 
• Variance and standard deviation 
• Skewness coefficient 
• Kurtosis 
• Order statistics and their confidence inter-

vals, especially the most relevant ones like 
1%, 5%, 10%, 25%, median (50%), 75%, 
90%, 95% and 99%. 

• Histogram 
• Empirical (cumulative) distribution function 

with Kolmogorov confidence bands (and its 
complementary curve). 

Among the items in this list, it is important to 
stress the importance of order statistics and their 
confidence intervals. Order statistics are asymptoti-
cally unbiased distribution free statistics (independ-
ent of the distribution) of the corresponding quantile 
variable under study (David and Nagaraja, 2003), 
whose exact confidence intervals may be easily 
computed from the sample. This means that, di-
rectly from the sample obtained by experts through 
simulation, they may get an estimate for any quan-
tile and a confidence interval for it (with the limita-
tions imposed by the sample size). All the most use-
ful details related to the interpretation of the results 
should be told to the experts to let them know all 
the information they may get. Information regarding 
the difficulties to provide confidence intervals for 
means and variances under non-normal distributions 
should also made explicit to the experts. 

The empirical distribution obtained from a sam-
ple is a graphic estimator of the whole cumulative 
distribution function. The Kolmogorov band avail-
able for these plots do also provide very interesting 
information that could be much appreciated by ex-
perts. 
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3.2.1.4 Sensitivity analysis 
Experts should be informed in the session about all 
the information they could get from an adequate 
sensitivity analysis from the sample. Main tech-
niques to be introduced to experts are 

• Regression based techniques (Partial Corre-
lation Coefficients, Standardised Regression 
Coefficients and their corresponding rank 
based versions). 

• Techniques based on non-parametric statis-
tics, as for example the Mann-Withney sta-
tistic or the Kruskal-Wallis statistics.  

• Variance based statistics (mainly correlation 
ratios, since other more powerful techniques 
like FAST or Sobol’s sensitivity indices are 
applicable only to very fast computer codes). 

• Distribution sensitivity techniques. 
• Graphical techniques (mainly scatterplots 

and Cobweb plots). 
The first set of techniques is suitable to detect 

linear and monotonic relations between inputs and 
outputs. The second set of techniques is suitable to 
detect specific relations or ties between regions of 
input and output variables, as for example a relation 
between the 10 % largest values of one variable and 
the 20% of intermediate values of another variable. 
Cobweb plots (Cooke and van Noortwijk, (2000)) 
do provide very good graphic complementary sup-
port to the results obtained with non-parametric sta-
tistics. Variance based techniques are model inde-
pendent techniques that allow to compute what 
fraction of a given output variable is due to the un-
certainty in any input variable.   

Distribution sensitivity techniques are extremely 
useful since they allow estimating the impact of 
changing the distributions of the input parameters 
on the output distributions not running again the 
code. This is why a very accurate assessment of the 
input distributions (see section 3.2.1.1) is not really 
necessary. Using these techniques, the impact of 
changing slightly the input distributions may be as-
sessed very fast. 

All these techniques may provide very useful 
pieces of information to experts, which could be 
used to modify their assessments based only on the 
output uncertainty characterisation.   

3.2.2 Training on design of experiments 
Design of experiments is a branch of statistics dedi-
cated to study what input parameters do have a sig-
nificant impact on the results of a process and what 
parameters do not have it. Though originally devel-
oped to study industrial processes affected by ran-
dom perturbations, most of the ideas developed in 

this field may be used in the area of computer 
codes.  

When thinking about the applicability of this 
techniques to help experts getting information from 
their computer codes, three main areas come up: 1) 
Exploratory runs to get some idea about the output 
values obtainable conditional on the input parameter 
ranges, 2) screening of input parameters (identify-
ing important and non important parameters) and 3) 
model building (response surfaces). The first two 
cases are suitable when the number of runs the ex-
perts may get during the study period is small, and 
both objectives may be achieved using the same 
strategies (samples), so that experts may get infor-
mation about the possible range of output values 
and, at the same time, discard non relevant input pa-
rameters. Both pieces of information could be of 
use when providing their final opinions to the pro-
ject team. The third case demands more computing 
capabilities, but provide more detailed and valuable 
information about the model used. In fact, response 
surface techniques (Box and Draper, (1998)), which 
are a mixture of design of experiments concepts and 
regression analysis techniques, are used to create 
polynomial meta-models that capture the essential 
features of the models studied. Those meta-models 
created could be used to substitute the real codes in 
further extremely cheap Monte Carlo analyses or to 
be used as information sources to apply some vari-
ance reduction techniques, i.e. control variates, in a 
Monte Carlo analysis. 

Main concepts to introduce to the expert in the 
training session are the following: 

• Factorial designs (2k and 3k). 
• Fractions (2k-p and others). 
• Resolution of a design and alias matrix. 
• Saturated designs. 
• Composite designs. 

Again, the leading idea is to make understand-
able to the experts the meaning of these concepts. 
Experts could need months to fully understand all 
the ideas behind these bullets and to apply them by 
themselves, but in less that half an hour they may 
understand main concepts, what the benefits are of 
using these techniques and what help they may ex-
pect from the projects team. The project team 
should be able to provide them, after some meeting 
with the experts, the design values in the input 
space and to post-process the results provided by 
the experts. Depending on the approach adopted 
(screening, exploratory analysis or response sur-
face), experts will get different types of information 
as a result of post-process done by the project team. 
Post process includes interpretation of the results 
and potential uses. 
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3.2.3 Training on design of computer experiments 
Design of computer experiments is a new branch of 
statistics started approximately fifteen years ago 
(Currin et al. (1991), Santner, Williams and Notz, 
(2003)). The main innovation introduced by this 
new branch is the fact of considering the process 
described by any model showing a ‘soft’ behaviour 
as a random field. The results provided by the 
model are considered just a realisation of the ran-
dom field, and the main objective is to estimate the 
parameters that characterise the random field. As 
soon as the parameters of the random field are esti-
mated, the random field model may be used to esti-
mate the output of the computer code. 

In principle, there is no restriction on the cases 
when computer design of experiments could be 
used. Nevertheless, using these techniques when the 
computer code is very fast is not very convenient 
since, in that case, the Monte Carlo approach is very 
efficient and, when combined with sensitivity tech-
niques, provides much information. When the com-
puter code is neither very fast nor very slow, the in-
formation provided about the model is probably not 
as easily understandable as the information pro-
vided by response surfaces. The reason for this is 
the non-straightforward assumptions of these mod-
els, the concept of random field on which they rely, 
in addition to correlation structures and other re-
lated concepts, are usually far beyond the common 
basic probability knowledge expected from an ex-
pert in another area of knowledge. The main advan-
tage comes up when the model is very much time 
consuming. In that case, the sampling strategies in-
herent to these techniques could be very efficient in 
an exploratory analysis. 

Main concepts to be introduced to experts are 
just related to the different strategies to get a sample 
in the input space. Though other strategies are 
available (based on number theory and grids), most 
useful and best-supported (Bayesian) strategies to 
create different designs are: 

• Maximum entropy designs 
• Minimum mean squared-error designs 
The main idea to show to experts is related to the 

main differences between both strategies to allocate 
sampling points. The first strategy is based on 
maximising the expected posterior entropy, which is 
equivalent to maximising the prior entropy. This 
strategy favours the edges of the input space instead 
of the interior. The second strategy tries to minimise 
the mean squared error of the predictions, favouring 
interior points instead of points on the edges of the 
input space.   

4 CONCLUSIONS 

During the last years, especially in some areas, ex-
perts have shown a steadily increasing use of com-
puter codes to base their assessments on them. Nev-
ertheless, they usually do not have the necessary 
skills to run them in an optimal way. Additionally, 
experts do not usually keep in mind as many prob-
ability and statistics knowledge as would be desir-
able. The idea developed in this paper was the ne-
cessity to provide full statistical support to experts 
during the study period, and to design the main sub-
jects to be shown to them in a new session about the 
optimal use of computer generated information. 

The main techniques to be shown to experts are 
Monte Carlo simulation (to be used when fast run-
ning codes are available to experts), design of ex-
periments (used with exploratory, screening or 
model-building purposes) and design of computer 
experiments (used mainly with exploratory pur-
poses). 
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ABSTRACT : Considering reliability models In a Bayesian context, we propose an approach where experts
opinions are supposed to come from  ctitious data. Acting in such a way allows the analyst to weight the
importance of the expert opinion in regard to the actual sample size in a sensible and reliable way. The control
of experts knowledge becomes a control of the Fisher information on the reliability model parameters. Thus,
the comparison between Feedback Experience Data (FED) and expert data through the reliability model and
the prior distribution is easy and makes simple the calibration of the hyperparameters prior distribution to
control the importance of expert contribution compared to the information provided by the observed sample.
The presented approach is exempli ed with Weibull models.

1 INTRODUCTION

The Bayesian approach is the optimal approach in
statistical inference when prior knowledge from ex-
perts is available. Moreover, in such a context, the su-
periority of Bayesian inference over maximum like-
lihood can be important for small sample sizes (Ro-
bert, 1994). But, a reliable Bayesian analysis needs
to take into account properly the prior knowledge.
Usually, expressing expert opinions as central value
of some parameters is not too dif cult, but expressing
the analyst doubt on expert opinions is more critical.

Considering a parametric reliability model
M (θ), we show that integrating of expert opinion
into prior distribution can be regarded as the problem
of integrating the information of a  ctitious sample
into a posterior distribution from a non informative
prior distribution (§4). Thus, the control of expert
opinions is a control of the information provided by
this  ctitious sample on the model parameters. To
compare the information of the  ctitious data on the
parameter θ , we consider the Fisher information on
θ provided by FED censored data (§3).

Each step of the elicitation process is exempli ed
with the Weibull distribution (sometimes simpli ed to
the exponential distribution), which is the most used
model in reliability, whose characteristics are remin-
ded in §2. Moreover, the Weibull model is considered
in connection with the companion paper of Bousquet
et al. (2005), which is speci cally concerned with
Bayesian inference for Weibull models.

2 NOTATION

All the notions we present are illustrated with the
Weilbull reliability model. The Weibull probability
density function (pdf) with shape parameter β and
scale parameter η is

fW (t) =
β

ηβ tβ−1 e−( t
η )

β

I[0,+∞)(t).

Denoting µ = ( 1
η )β , it becomes

fW (t) = β µ tβ−1 e−µtβ
I[0,+∞)(t).

The Weibull cumulative density function (cdf) is

FW (t) = 1− e−µtβ
I[0,+∞)(t).

Typically, data available in a reliability context
are right censored failure times. The data are denoted
as follows.
FED : xn = (x1, . . . ,xn) including

• r uncensored data yr = (y1, . . . ,yr)
• n− r censored data cn−r = (c1, . . . ,cn−r).

Notation for a Bayesian analysis are the following.
The prior distribution on θ is denoted π(θ)
The posterior distribution on θ knowing data x is
π(θ |x)
We make use of a Gamma distribution with parame-
ters a and b, with mean a/b and variance a/b2, that it
is denoted G (a,b).
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3 INFORMATION OF CENSORED DATA

For the Weibull distribution W (µ ,β ), we had chosen
the prior distributions on parameter θ = (µ ,β ) pro-
posed in Bousquet et al. (2005), namely a uniform
distribution for β on an interval Ωβ = [β`,βr] and a
Gamma distribution for µ knowing β . The Bayesian
model can be described as follows. Denoting X the
random failure time, we have

X  W (µ ,β ) with

π(β ,µ) = π(β ) π(µ |β )

= I[β`,βr ](β )/(βr −β`) G (a,b(β ))

It is worth noting that since the prior distribution on β
is weakly informative, the comparison between prior
information and FED information is essentially limi-
ted to the information on µ .

Because, most of the time, FED are censored, there is
the need to extend the notion of Fisher information to
this particular context. First, it can be recalled that for
a Weibull model, an observed failure time yi brings
the following information on µ :

Iµ(yi) = −
∂ f 2

W
∂ 2µ

=
1

µ2 ∀i ∈ {1, . . . ,r}

which implies that an r uncensored Weibull sample of
sire r brings the global information

Iµ(y1, . . . ,yr) =
r

∑
i=1

Iµ(yi) =
r

µ2 .

Right censored data can be of two types :

1. Fixed values, independent from the observed fai-
lure times (type-I censored data). A typical example
is the shutdown of working systems at different times
of care. The pdf of a type-I right-censored Weibull
random variable X with  x ed censored value c j is

fX(t) = [ fW (t)]I{t<c j} [1−FW (t)]I{t≥c j} .

It leads to the following de nition of its information
on µ knowing β :

II
µ(c j) =

1
µ2 E[P(X < c j)] =

1− e−µcβ
j

µ2 .

2. The random value of the rth highest failure time
(type-II censored data), that is the value of the rth or-
der statistic of the failure time sample, denoted t∗r . The

number r is  x ed. The pdf of such a censored Weibull
random variable X can be written

fT (t) = [ fW (t)]I{t≤t∗r } [1−FW (t)]I{t>t∗r } .

Thus, such a censored data c j = t∗r provides the infor-
mation on µ

III
µ (c j) =

1
µ2 P

(

FW (T ) ≤
r
n

)

=
r
n

1
µ2 .

Remarks :
1. ∀c ∈ R+∗, II

µ(c) < Iµ and III
µ (c) < Iµ

2. II
µ(0) = III

µ (0) = 0 : no information is provided
when censoring at time t = 0.

3. II
µ(c) c→∞

−−−→ Iµ : no information is lost with an
in nite censoring time.

4. Ir
µ ,2

c→n
−−→ Iµ : the information is increasing

with the rth failure time.

Finally, the global Fisher information on µ brought
by the FED can be written, according to the case, as

II
µ |β (FED) =

r
µ2 +

n−r
∑

k=1

(

1− e−µ ck
β
)

µ2 , (1)

III
µ (FED) =

r
µ2 +

r
n

(n− r)
µ2 . (2)

In the following we always note

Iµ |β (FED) =
ñ

µ2 . (3)

4 THE EXPERT FICTITIOUS DATA

When no prior information is available on the pa-
rameter θ of a model M (θ), a natural choice for the
prior distribution π(θ) is the non informative Jeffreys
distribution (see Robert 1994). In many cases, the Jef-
freys distribution can be seen as a limit position of a
family of conjugate prior distributions. For instance,
for an exponential distribution with inverse scale pa-
rameter λ , the Jeffreys distribution J(λ ) = 1

λ is the
limit position denoted G (0,0) hereafter, of a G (a,b)
distribution with hyperparameters a,b → 0.

In such a case, a Jeffreys distribution can be ex-
pressed as a conjugate prior distribution for M (θ).
We can take pro t from this feature to interpret a
prior opinion as the information provided by a  cti-
tious data set from a non informative prior distribu-
tion. Continuing the exponential example, consider a

63



 ctitious failure times sample (y′1, . . . ,y′a) with a∈ IN∗

from the E (λ ) distribution. With a non informative
prior distribution G (0,0) the posterior distribution of
λ knowing the  ctitious sample is G (0+a,0+

a
∑

i=1
y′i).

Thus, denoting b =
a
∑

i=1
y′i, an expert opinion mo-

delled with a Gamma G (a,b) distribution, can be seen
as the integration of a  ctitious exponential sample
with size a and mean b/a to the non informative prior
distribution G (0,0) on λ . It means that an expert opi-
nion on λ can be translated in terms of a  ctitious
likelihood leading to a posterior distribution G (a,b)
distribution.

Thereby it becomes easy to estimate the impact
of the prior distribution on the posterior distribution.
For conjugate distributions, the  ctitious size a is re-
placed by the sum of sizes a + r and the information
coming from prior mean b is replaced with b+

n
∑

i=1
xi.

Finally, the posterior estimation of θ can be regarded
as the maximum likelihood estimation on the union
of FED and  ctitious data.

Note that a corresponding approach on genera-
lized linear models was proposed in Bedrick et al.
(1996). Moreover, a study of minimal informative
priors speci cally for model selection, with similar
use of  ctitious data, has been done in Andrieu et al.
(2000).

The prior distributions of Weibull parameters
(µ ,β ) have been chosen as in Bousquet et al. (2005).
The prior distribution π(µ |β ) = G (a,b) is a conju-
gate prior distribution conditionally to β . Hyperpa-
rameter b is chosen as b(β ) and is de ned now as

a
∑

i=1
(y′i)β with  ctitious Weibull data y′i.

Note that from this general point of view, com-
bining several expert opinions is easily achieved
by concatenating all opinions in a unique  ctitious
sample. Each one of the  ctitious sample provides
a Fisher information on µ , which must be compared
to the information provided by FED in order to cali-
brate the  nal prior distribution. Such considerations
are presented in §5.

5 CALIBRATING THE PRIOR DISTRIBUTION

The next step of the elicitation is the calibration of the
prior distribution (measuring its importance in com-
parison to the information provided by FED). The ca-

libration of the prior distribution leads generally a rule
for controlling the prior variance of the parameters. In
the Weibull example, this prior variance for µ around
an estimation µ̄ , knowing β , can be written

Var(µ |β ) =
a
b2 =

µ̄2

a
.

The control of the prior variance is achieved by
controlling the Fisher information of the underlying
 ctitious data Y′ under the following hypothesis.

Hypothesis : It is assumed that the expert is able
to derive a consistent (asymptotically unbiased) esti-
mator µ̄ , knowing β , with minimum variance, for a
certain size a of underlying sample.

Thus, the Cramer-Rao theorem ensures that

Var (µ |β ) =
1

Iµ(Y′)
)

where Iµ(Y′) is the Fisher information on µ of the
 ctitious data Y′. In fact, a represents the quantity of
Fisher information of the  ctitious data on µ .

In the Weibull example, from relations (1) and (2)
we can remark that

• Hyperparameter a can be < 1 when an expert
is considered as unreliable. In such a case, its
opinion can be regarded as a censoring time.

• Choosing a is scoring the level of con dence of
the expert. This score is not an absolute score,
but is given in accordance to the information
provided by the FED. From that point of view,
it is important to note that combining experts
opinions has to be achieved in accordance to
this common rule (see Bousquet et al., 2005).

To end this paper, it is worth to remark that seeing the
information provided by an expert as the information
provided by a  ctitious data set is useful to control
the reliability of his opinion. For instance, when an
expert gives a decile on a Weibull distribution, its
means that it has integrated in his knowledge the in-
formation provided by at least ten observed failure
times for the material into study. As a consequence,
it seems natural to assume that a ≥ 10. But, in many
cases, it is doubtful that such a large value for a is
reasonable in regard to the FED size. The companion
paper Bousquet et al. (2005) is analyzing such situa-
tions.
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1 INTRODUCTION 
 
In the context of the CTBT (“Comprehensive 
Nuclear Test-Ban Treaty", see web 
references) the capacity to discriminate 
nuclear explosions from other seismic events 
becomes a major challenge. The CTBT 
provides a global verification system which 
will eventually include a network of 321 
measurement stations worldwide with a various 
collection of sensors and an international data 
center. In the next years, the flow of data to 
process will be increased by an order of 
magnitude. Thus, there is a need for automatic 
methods of classifying seismic events. 
However, the final classification decision has to 
be controlled by the expert. The automatic 
methods will process the obvious cases and will 
present to the expert the more contentious 
cases. So the expert needs more than the final 
decision of the automatic system, he wants to 
understand its construction. Therefore this 
research was initiated by the LDG (Geophysics 
Laboratory) of the French Atomic Energy 
Agency (CEA) to select discrimination 
methodology with the two following joint 
criteria: 
 High performance 
 Intelligibility 

At this stage of research, we concentrate the 
study on the seismic event data recorded in 
France. This database collects 13909 events 
which occurred between 1997 and 2003 
inclusively. There are three types of events: 
earthquakes (labeled EQ), rock bursts (labeled 
RB) and quarry blasts (labeled QB). To classify 
the events, we have five high level inputs that 
have been extracted from the seismic 
measurements: magnitude (quantitative variable 
ranging from 0.7 to 6.0), latitude (quantitative 
variable ranging from 42 to 51), longitude 
(quantitative variable ranging from –5 to 9), 
hour (circular variable ranging from 0 to 24) 
and date (actually date is a qualitative variable 
with 3 modes: Working day, Saturday, Sunday 
and Bank holidays). Preliminary statistical 
studies clearly indicate that all these features 
are determinant significantly for the expert 
decision. 
To model this decision-making, literature 
seems to give two possible directions. One is to 
use neural networks, see Bishop (1995). But, if 
the neural networks are efficient to model 
complex functions, they are not able to produce 
intelligible solution for experts that want to 
understand and critic it (in the way that the 
parameters of MLP are not directly connected 
to a comprehensible reality). The second way is 
to use fuzzy set theory, see Zadeh (1973). In 

 

ABSTRACT: In this paper, we propose a solution to classify seismic events with respect to different high 
level features, coming from processing of the signals by seismic analysts. We propose an approach, on the 
cross-road of statistics (“Mixture of Experts”) and Artificial Intelligence (“Fuzzy Inference System”), 
combining high performance and intelligibility. This issue is the key point of the study because the analysts 
want to work with a tool for which they understand the way the decision is taken. 
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this direction, the fuzzy inference system 
development is interesting. Using fuzzy if-then 
rules and fuzzy reasoning, see Jang, Sun and 
Mizutani (1997), fuzzy inference systems are 
able to model, with more or less rules, the 
reasoning used by the expert. The rules can also 
be represented graphically. Because of this 
point and influenced by previous study, see 
Gravot (1999), we opt to build rule-based 
classification. Sugeno’s rules, see Jang, Sun 
and Mizutani (1997), are used to implement 
Neuro-Fuzzy inference systems for their 
properties: 
 They are able to model intelligible and 

flexible decision rules, 
 They can be combined to build complex 

decision rules, 
 It is possible to improve them using 

expert data through a learning procedure. 
This methodology allows us to build from the 
database a high-performance classification 
system which is tractable by human expert. 
The paper contains, in section 2, presentation of 
our Fuzzy Inference Systems to classify seismic 
events. Then, in section 3, we expose the data 
processing line to implement them. In section 4, 
we propose our experimentations and how 
results are improved after each step. In the next 
section, we present graphically our fuzzy 
inference system applied on one example to 
convince of its high intelligibility by human 
expert. To conclude, we propose some 
comparisons made in CEA with others studies. 
At last, we present the future orientations of 
this research which will focus on the interaction 
between experts and the automatic system. 

2 FUZZY INFERENCE SYSTEM 

A rule-based classification consists in a set of 
rules. For instance in simple systems, each rule 
may be defined by its premise (the set of input 
data that check the rule) and its consequence: 
the classification decision that attributes a class 
to the elements that check the rule.  
A fuzzy Sugeno’s rule is defined by 
 a function µ defined on the input space 

and which takes its values  in [0,1] (the 
membership degree) 
 a positive real ρ (the weight of the rule) 
 a unit vector z in the output space (the 

consequence of the rule) 

The membership degree of 0th order Sugeno’s 
rule is the product of individual feature 
membership degrees (fuzzy AND). The weight 
of the rule is used to build the final decision by 
a weighted sum of overlapping rules (fuzzy 
aggregation). The consequent of a rule is a 
membership degree to each class. When it is 
normalized, it is just a probability distribution 
on the finite class set. Eventually the Sugeno 
classifier is defined by 
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Note that a deterministic classification may be 
finally obtained through a max mechanism. 
With convenient normalization, it is possible to 
establish equivalence between Sugeno’s rule 
and hidden variables in a stochastic framework 
and between Sugeno’s classifier and optimal 
LMS classifier. When membership functions 
are gaussians, classifier amounts to a classical 
radial basis functions network. However, the 
processing of the qualitative variable deserves a 
special attention. So, we propose an original 
extension of this model to take into account the 
specific hybrid structure of our input space. 

3 LINE PROCESS 

In this section, we expose the three steps to set 
the parameters of our Fuzzy Inference System 
of Sugeno. First, we have to estimate 
probability densities (µk) k=1…NbRules. To make 
this, we opt for Chiu's algorithm, see Chiu 
(1994). This algorithm determines cluster 
number (NbClusters) and gaussian parameters 
of each cluster. Each cluster found by the 
algorithm represents a rule used consciously or 
not by experts. The consciousness of this rule 
that experts have should be translated, in part, 
by the weight of the cluster (at this stage 
without experts knowledge, weights are equal). 
Chiu's algorithm operates on quantitative input 
space. Thus, to take into account our hybrid 
structure of input space, we add the qualitative 
variable by estimating modality probabilities 
for each cluster. At last, to improve this Fuzzy 
Inference System, we used the Expectation-
Maximization (EM) algorithm to set the 
parameters. 
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Note that Ξ= (Xi)i=1…N is a population sample, 
and Xi = (Xi

QT | Xi
QL) is a vector whose size 

equals NbInputs. Xi
QT is the vector of the 

quantitative variables (whose size equals 
NbInQT) and Xi

QL is the qualitative variable. 
Moreover, we denote 1B the indicator function 
of the event B. 

3.1 Clustering step 

To implement this first stage, we used 
unsupervised learning algorithms to estimate 
each class location density. Many clustering 
methods can be used to initialize clusters. 
Yager, Filev (1994) proposed an original 
method based on potential computation of each 
point of a grid. Chiu (1994) improves this 
method using the distribution of data points 
rather than grid (computation is faster). This is 
similar to point density. Others popular 
algorithms are “fuzzy k-means”, see Bishop 
(1995), “Neural-gas”, see Martinetz, 
Berkovich, Schulten (1993). These methods 
improve cluster locations iteratively and the 
cluster number is fixed by the user. 
On the basis of Fabien Gravot's preliminary 
results (1999), we choose Chiu's algorithm. We 
operate the algorithm of clusters research for 
each class separately. 
The potential of each data point is computed as 
follows: 
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where d is the Euclidian distance or the circular 
distance depending of the input l, and ra defines 
the neighbourhood in the input space for each 
point (it is a positive vector). We denote C1 the 
point having the maximum potential. It is the 
centre of the first cluster. Its potential (P1) is 
used as a reference. Then, another cluster is 
found by reducing potential of the other points 
as follows: 
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where rb is the radius defining a repulsion 
neighbourhood (it is a positive vector). If the 
potential Pi is high enough and its associated 
point Xi is distant enough to the clusters already 
found, then Xi defines another cluster centre 
(denoted C2). And so on, while stopping criteria 

(potential criterion and distance criterion) are 
not checked. We denote NbClusters the total 
number of clusters found with this algorithm 
applied on each class separately. At this stage, 
we initialize standard deviations (gaussian 
widths) by: 
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where maxl is the maximum of the values 
observed for the lth quantitative input and minl 
the minimum. 

3.2 Qualitative variable probability estimation 
step 

To take into account the qualitative variable 
date, we estimate for each cluster Ck (whose 
class is c), the probability distribution as: 
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where: 
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The corresponding classifier for the event X is: 
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where: 
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3.3 Expectation-Maximization step 

To give better parameters values, we implement 
EM algorithm for mixture of experts. A similar 
case study is done in Bilmes (1998) and more 
general set-up is presented in Jordan, Xu 
(1993). Parameter vector, for the kth cluster is 
denoted θk. It contains cluster weights ρk, 
locations Ck=(Ck,l)l=1..NbInQT) and widths 
σk=(σk,l)l=1..NbInQT. Set of parameter vectors is 
denoted θ. Briefly, EM algorithm is a "general 
method of finding the maximum-likelihood 
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estimate of the parameters of an underlying 
distribution from a given data set when the data 
is incomplete or has missing values" Bilmes 
(1998). In fact, when we have mixture of 
experts, it's difficult to derivate likelihood 
expression because we have to derive the 
logarithm of a sum on the experts (i.e. clusters 
for us): 
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where: 
 ( ) )( ikkik XXp µθ =  (10), 
or, if the qualitative variable is included in the 
parameters: 
 ( ) ( )QL

ikikkik XpXXp )(µθ =  (11). 
To simplify this expression, we complete the 
data base by a set of hidden variables Y. These 
hidden variables are able to associate each data 
point to the cluster that generated it. So yi is the 
value of the hidden variable Y for the ith data 
point and its value ranges from 1 to NbClusters. 
Thus, the log-likelihood with this hidden 
variable becomes: 
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EM algorithm sets parameters iteratively such 
that the target function (log-likelihood 
estimator) is improved after each loop; see 
Jordan, Xu (1993). We operate EM algorithm 
on each class separately so N=Nc takes number 
of points in the cth class and NbClustC is the 
cluster number found for this class. Briefly, 
each iteration of EM algorithm has two steps: 
 
 Expectation step: computation of 

expected value of the complete-data log-
likelihood, see Bilmes (1998) for details. 
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where: 
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 Maximization step: new parameter values 
(optimization) 

  (15). )(maxarg θθ θ Qnew =

Thus, the parameters of the kth cluster are 
modified as follows:  
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4 EXPERIMENTATION 

For estimations, we build balanced data bases 
(1025 events of each class) and then we 
separate them to make 5-fold cross-validation 
balanced data bases (860 events of each class in 
the learning data bases and 215 in the test data 
bases). 

4.1 Clustering step 

To use Chiu’s algorithm, we take ra=1.25 for 
each dimension, rb=1.5 ra and thresholds of 
acceptance are 0.5 for potential criterion and 
0.15 for distance criterion. So, standard 
deviations are equal for each dimension of the 
input space for each class. This is not optimal. 
To compute performances using (1), we 
initialize weights equal into the same class. For 
one class, the sum of weights equals to 1/3 
(because we have 3 classes). Output rule values 
zk are deterministic: the rule concludes to one 
class certainly (the one associated to current 
cluster - we operate on each class separately). 
First, according to previous study in the LDG, 
we treat all the variables as quantitative 
variables. Later, in agreement with expert 
judgements and statistical theory, we operate 
algorithm only on the input space reduced to 
our quantitative variables. Table 1 sums up 
performances (means and standard errors of 
good classification rate) computed, on 5-fold 
cross-validation data bases, on the complete 
input space (variable date treated as 
quantitative variable, see in the table "all 
quant.") and, on the input space without this 
qualitative variable (see "only quant."). 
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Table 1. Results after clustering (well classified rate). 
Input  Training Test Clusters 
space data (%) data (%) number 
All 85.40 +/- 0.87 84.84 +/- 1.47 32; 36; 35; 
quant.   38; 37 
 
Only  85.66 +/- 0.85 84.65 +/- 1.76 25; 26; 28;  
quant.   28; 29 
 
 
Results in terms of good classification are 
similar but fewer clusters are found when the 
input space contains only the quantitative 
variables. So, to be more coherent and more 
efficient (less clusters) we keep, for the other 
steps, clusters obtained on the reduced input 
space. 

4.2 Qualitative variable probability estimations 
step 

The experimentation justifies processing 
separately the qualitative variable date. Table 2 
sums up performances (means and standard 
errors of good classification rate) computed, on 
5-fold cross-validation data bases, with model 
mixing quantitative and qualitative variables 
when we used formula (5) to (8). Weights and 
output rule values are the same as the previous 
step. Good classification rates are poorly 
improved. 
 
 
Table 2. Results after second step (well classified rate). 
Model Train. data (%) Test data (%) 
Only quant+quali 85.40 +/- 0.48 84.84 +/- 0.91 
 
 
Figure 1 presents the best model with 4 
quantitative variables and the qualitative 
variable (best result in test among the 5 fold 
cross-validation data bases). We show 
geographical cluster locations along longitude-
latitude dimension and the learning data 
(crosses). Clusters are marked by an ellipse 
which is shaped according to longitude and 
latitude standard deviation values computed 
with (4). The best model in test presents 25 
clusters (15 for the first class, 5 for the second 
and 5 also for the third). Figure 2 presents the 
test data (crosses are ill classified events and 
points are well classified events). The clusters 
(ellipses) are printed here for remember. 
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Figure 1 : Geographical cluster positions and their 
influence for each class after clustering (best result in 
test among the 5-fold cross-validation data bases). 
Learning data points are marked by crosses. 
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Figure 2 : Geographical positions and classification 
for test events after clustering (best result in test 
among the 5-fold cross-validation data bases). Points 
are well classified test events and crosses marked ill 
classified test events. Clusters of previous figure are 
recalled here. 

This projection allows us to conclude that 
clusters have not optimal distribution in the 
input space. To improve them, we use EM 
algorithm implementation presented before. 

4.3 Expectation-Maximization step 

Facing good results (numerical convergence), 
we stop the algorithm after 50 iterations. First 
experiment is to improve by EM only the 
weight and the parameters of clusters (location 
and width). The second one takes into account 
the qualitative variable by estimating in each 
loop the probability of each modality (but we 
keep always formula (16) for parameter 
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improvements. EM is made on each class 
separately. Final parameter values are kept to 
give new estimations for qualitative variable 
modality probabilities for each cluster and thus, 
built the final classifier. Table 3 sums up 
performances (means and standard errors of 
good classification rate) computed on 5-fold 
cross-validation data bases for each 
experimentations. 
 
Table 3. Results after EM (well classified rate). 
Method Train. data (%) Test data (%) 
EM without quali. 93.67 +/- 0.60 93.12 +/- 1.66 
  
EM with quali. 93.76 +/- 0.55 92.99 +/- 1.23 
 
Table 3 shows that EM permits great 
improvement of the good classification rate for 
each experimentation. The EM version without 
qualitative variable seems to give better rates 
but the difference is not huge and depends of 
the cross-validation basis taken. So, to be more 
correct with the formulas (16), which are the 
result of the target function optimization, we 
keep the EM algorithm without qualitative 
variable. 
Figure 3 shows geographical clusters position 
for each class by an ellipse (which is shaped 
according to longitude and latitude standard 
deviation values found after EM) in the best 
case (95.19 % of well classified in test with the 
first experiment). Figure contains also crosses 
marking learning data points. Notice that data 
bases giving best results after clustering are not 
the same that give best results after EM 
algorithm. With this cross-validation data base, 
we have 29 clusters (18 for the first class, 5 for 
the second and 6 for the third). Figure 4 
presents geographical position of misclassified 
points in test (crosses) and the well classified 
(points). The clusters are recalled by ellipses. 
 
 When the cluster positioning is operated by 
EM, then a better overlapping is observed in the 
input space. Less misclassified points are found 
and their positions remain reasonable. 
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Figure 3 : Geographical cluster positions and their 
influence for each class after EM improvement (best 
result in test among the 5-fold cross-validation data 
bases). Learning data points are marked by crosses. 
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Figure 4 : Geographical positions and classification 
for test points (best result in test among the 5-fold 
cross-validation data bases). Points are well classified 
test events and crosses marked ill classified test 
events. Clusters of previous figure are recalled here. 

4.4 Conclusion 

With these three steps, we improve greatly 
good classification rates while respecting the 
complexity of the input space. Each input has 
its importance and should appear in the model 
correctly to give all its information. Even if, 
Chiu's algorithm of cluster research gives good 
classification rates, EM algorithm seems to be 
very efficient step to improve them. 
Our model combines several methods; it gives 
an original processing line for input space 
mixing both quantitative and qualitative 
variables. Moreover, it presents another 
advantage. Indeed, it gives intelligible interface 
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to the seismic analysts of LDG, the users of our 
model. So, computed results and final 
individual classification decisions have to be 
understood by them. The next section develops 
this aspect. 

5 GRAPHICAL PRESENTATION 

In this section, we present a graphical 
interpretation of our Sugeno's rule system. It is 
designed in order to be submitted to the expert. 
To improve legibility, we present only the 10 
main rules of the system (over the 29 that the 
best model after EM algorithm used). Figure 5 
shows rule system activation with data point 
EX. In fact, we want a graphical interpretation 
of the suitability between the data point EX and 
each rule. Each rule is presented along a line. In 
each graphic, linear cursor fixes the input value 
for the data point. The closer this line is to the 
centre of the gaussian function, the more the 
data point actives this rule (the plain area 
allows a graphical analysis of this suitability). 
The first column, presents weight, the next one, 
the circular gaussian membership function for 
the variable hour, the next three columns the 
gaussian membership functions for the 
variables latitude, longitude and magnitude. 
Note that the window for magnitude is smallest 
than the minimum and maximum observed on 
this variable. In fact, event which has 
magnitude lower to 1 is not picked up (noisy 
signals) and taller to 3.5 is surly seism (in this 
case, the linear cursor changed to be triangular 
cursor on the 3.5 value). The next column 
presents modality probabilities for the 
qualitative variable date. For this variable we 
denote D1 the first mode (Working day), D2 the 
second one (Saturday) and D3 the third 
(Sunday and Bank holiday). A triangular cursor 
allows to visualize the modality taken by the 
data point EX. The column CLASS gives the 
issue value 0 or 1 (at this stage of study the 
membership degree for each class is 
deterministic) associated to each rule. We 
denoted EQ the class of earthquakes, RB the 
class of rock bursts and QB the class of quarry 
blasts. The last column shows the activation 
rate associated to data point EX. Rules are 
sorted by decreasing activation rate. The rate, 
computed as product of areas by the probability 
of the modality Di corresponding to EX, gives 

directly the suitability of the example to the 
rule. In practice, only a subset of rules is 
activated by an example. The system issue that 
is associated to this data point is presented on 
the last graphic (the last one of the CLASS 
column). Values are done by (1). To this input 
data point EX, the system concludes to an 
earthquake (EQ takes the tallest value). The 
result is adequate according to the activation 
level found for the first rule (the others are not 
enough activated) and this rule class 
earthquakes. 
So, this presentation, in agreement with expert's 
intuition, gives a comfortable rule system 
interpretation for each new data point to 
classify. Graphically, experts understand the 
suitability of the event to each rule in the Fuzzy 
Inference System. For a given data input, the 
activation of each rule is visualized. Thus, it is 
possible for the expert to contest separately 
each rule. Validation of this interface by human 
experts is in progress. 

6 CONCLUSION 

With our hybrid method, we reach the good rate 
of 95%. Comparing to other rates found on the 
same data bases, see Mercier, Aupetit, Qauch 
and Muller (2005), we have similar rates and 
we give, in addition, a system which makes 
possible the interpretation by the expert though 
a graphical representation. 
Next improvements will give, for each rule, a 
stochastic output. To have a probabilistic 
interpretation, we want values ranging between 
0 and 1 and which sum equals to 1. This 
development requires error criteria as least 
square error criterion or maximum likelihood. 
We should also analyse more precisely cluster 
stability. The clusters found should be data 
insensitive (as much as possible) and they 
should be in minimal number (but less rules 
means lower performance). As the method 
proposed by Aupetit (2005), we could opt to 
model regions by generative gaussian model at 
least along the latitude-longitude dimension. 
Other possibility to give another help for 
analysts is to build “Decision Trees”. This way 
is on the crossroad of the “black box” and the 
totally explicit solution, depending on the depth 
of the tree. 
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Figure 5 : graphical interpretation of our fuzzy-inference system for a particular data point EX. 
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The Bayes Linear Methodology (BLM), developed particularly by Goldstein and co-workers, is an
inferential method that derives posterior beliefs from prior judgements and observations. One of the
main distinctions between BLM and conventional Bayesian methods lies in the way that prior beliefs are
specified. In BLM the prior judgements about uncertain quantities are specified through expectations,
variances and covariances. The main objective of this paper is to discuss in what way expert judgements
can be combined, in a non-Bayesian way, to construct a prior assessment. We show that the linear pool
can be justified in an analogous but technically different way to linear pools for probability assessments.
Furthermore we give a method of performance-based weighting analogous to Cooke’s Classical model,
and explore its properties.

Keywords: Expert Judgement, combination, scoring rule, performance-based weighting, Bayes
linear

1 INTRODUCTION

It is well established in many areas of quantita-
tive modelling, including risk assessment, that ex-
pert judgement is applied to assess model parame-
ters. Furthermore, it is good practice to include an
assessment of uncertainties rather than relying on
point values.

The most predominant axiom system for rep-
resenting uncertainty is probability theory, and as
a result there are a number of methods available
for combining expert assessments of probabili-
ties (Cooke, 1991). However, other axiom systems
exist. In this paper we shall look at the expert
judgement combination problem in the context of
Bayes linear methods. Bayes linear is an inferen-
tial method based on specification of means, vari-
ances and covariances of uncertain quantities. The
axiomatic basis for the Bayes linear methodology
is developed in (Goldstein, 1999).

Bayes linear uses expectation as its fundamen-
tal notion rather than probability. In fact the two
concepts are intimately connected, as the expec-
tation of a random variable can be defined in
terms of its probability distribution, but equally,
the probability of an event A is the expected value

of its indicator function,

IA(x) =

{

1, if x ∈ A;
0, otherwise.

A more substantial difference is that a probabil-
ity model requires a large amount of mathemati-
cal machinery, and therefore - in principle at least
- a substantial specification burden. When a prob-
ability distribution is specified on a space, then au-
tomatically the expected value of every random
quantity is also fixed. By contrast, Bayes linear
just specifies the expectations of quantities that
are being used in the model. Probability modelling
can be approximated arbitrarily well by Bayes lin-
ear methods, through the specification of higher
moments for uncertain quantities.

A full probability model allows the updating
of probabilities when data is observed via Bayes’
Theorem. The corresponding operation in the
Bayes linear methodology is linear adjustment.
Writing E(X) and Var(X), respectively for the
prior expectation and variance of a quantity X,
then (Goldstein, 1999) the adjusted expectation
ED(X) is

E(X) + Cov(X,D)[Var(D)]−1(D −E(D))
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and adjusted variance VarD(X) is

Var(X)− Cov(X,D)[Var(D)]−1Cov(D,X).

In the case where X is the characteristic func-
tion of an event, this adjustment is identical to the
usual Bayesian updating. For Gaussian variables,
linear adjustment and Bayesian updating coincide,
but this is not true more generally.

The specification of a Bayes linear model re-
quires the specification of means, variances and
covariances for the unknown quantities in the
model. The purpose of this paper is to consider
how a decision maker should quantify a Bayes lin-
ear model when a group of experts provide dif-
ferent opinions on the values for the means, vari-
ances and covariances of the model variables. We
first consider the constraints that coherency places
on expert judgement, and, following (Lad, 1996),
discuss the geometric interpretation of coherency.
Then, by analogy with the properties used to con-
sider combination functions for expert probabil-
ities, we consider the properties that a combina-
tion function for expert expectations should have,
concluding that is reasonable to form a linear pool
of expert expectations. We show that as long as
each expert gives a coherent set of expectation val-
ues (in particular, this means that any covariance
matrix that can be calculated from those expected
values must be non-negative definite), then the
vector of weighted linear combination expected
values is also coherent. Finally we shall discuss
the notions of information and calibration in the
context of Bayes linear and propose a weight-
ing scheme that is analogous to Cooke’s Classical
model for probabilities. Examples and properties
of the weighting scheme are discussed.

It should be noted that there are differing views
about the need for expert pooling through a com-
bination function. Many Bayesians hold the view-
point that the experts assessments should be con-
sidered as observational data, thus requiring the
decision maker to specify a prior and a likeli-
hood function for the expert assessments. A Bayes
linear model involving the combination of ex-
pert judgements is discussed in (Goldstein and
O’Hagan, 1996). The meaning of the combined
assessment is questioned in (Garthwaite, Kadane
and O’Hagan, 2004): “Another criticism of all
these pooling methods is that it is not clear whose
opinion (if anyone’s) the resulting probability dis-
tribution represents”. Yet we think it is clear that
in many cases the decision maker is genuinely un-
able to specify a prior distribution and is genuinely
unable to choose between a number of technical
experts with excellent qualifications and different
opinions. Rather than choose uninformative pri-

ors as a solution, or force the decision maker into
choices that he or she feels uncomfortable with,
we believe that the combined expert represents
a synthetic but plausible prior that the decision
maker could more fairly adopt than other alterna-
tives that are available.

We believe that BLM, because of its axiomatic
basis and ease of calculation, has the potential
for many applications in the reliability and risk
analysis areas. However, for anyone who adheres
methodological use of expert judgement, the five
principles suggested by Cooke (Cooke, 1991) as
guidelines for the use of expert judgement are of
concern. These are the principles of reproducibil-
ity, accountability, empirical control, neutrality
and fairness that any method using expert judge-
ments should at least comply with when rigor is
pursued. Hence there is a need to explore the prop-
erties of expert judgement combination methods,
to be able to test these methods against the above
principles.

2 EXPECTATION AND COHERENCY
In the definitions in this section we shall largely
follow (Lad, 1996), based on (de Finetti, 1974).

Definition 1. Let X = (X1, . . . ,Xn) be a vector of
unknown real valued quantities. The realm of X is
the space R(X) of permissible values for X . The
prevision configuration for X is a vector P (X) =
(P (X1), . . . , P (Xn)) and a quantity S > 0 such
that you are willing to engage any transaction that
yields a net gain of amount sT .[X − P (X)] as
long as the vector of scale factors s is of allow-
able scale, meaning that |sT .[x− P (X)]| ≤ S for
all x ∈R(X). The quantity P (Xi) is the prevision
of Xi.

This value S in this definition is just there to
ensure that we can measure without getting into
difficulties of risk aversion against large money
losses. If the variables Xi represent the indicator
functions for the different possible values of a dis-
crete random variable, then your previsions should
represent your personal probabilities. More gener-
ally they should represent your personal expected
values for the quantities Xi. The main difficulty
is that not all choices are coherent, in the sense
that some assertions could lead to you being a sure
loser against certain kinds of lottery:

Definition 2. Your prevision is coherent as long
as there is no vector s with allowable scale such
that

sT .[x− P (X)] < 0, for all x ∈ R(X).
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Two equivalent forms of coherency are given in
(Lad, 1996), again first described in (de Finetti,
1974). The first (Lad’s Theorem 2.4) is that co-
herency is equivalent to the two requirements that

• minR(X) ≤ P (X) ≤ maxR(X), and

• P (X + Y ) = P (X) + P (Y ).

The second equivalent form (Lad’s Theorem 2.5)
is one that is particularly important for us. This re-
sult states that the assertion P (X) = p is coherent
if and only if p ∈ C(R(X)), where C(A) denotes
the convex hull of a set A.

As we shall only be applying the notion of a
prevision for expected values of random quantities
we shall from now on only refer to expectation (or
an experts expectation, as appropriate).

It is worth considering a simple example illus-
trating how coherency is related to convexity.

Example 1: Consider an unknown quantity X
taking values in [0,1], and suppose that we wish
to specify both the mean and variance. Since

Var(X) = E((X −E(X))2) = E(X2)−E(X)2,

it is enough to specify the expectations of X and
of X2. However these variables are functionally
related, so that the realm of the pair is the line
R(X,X2) = {(x,x2);x ∈ [0,1]}, and the convex
hull of the realm is as shown in Figure 1. By as-

PSfrag replacements
µ

x

x2

1

10

Line (x,x2)

Convex hull

Figure 1: Convex hull for (X,X2).

sessing an expected value pair for (X,X2) in this
space we automatically get E(X2) ≥ E(X)2 as
this simply means that the y-coordinate must lie
above the x2 curve. Hence we automatically get a
non-negative variance.

Example 2: Suppose that we want to specify
means and covariance relations between variables
X and Y . This is done by specifying the expecta-
tions of the quantities

(X,X2, Y, Y 2,XY ).

Again, there are functional relationships between
these variables, and so not all expectations are
possible for these variables. However, coherency

implies that the covariance matrix is non-negative
definite. It is worth checking this directly. Stating
that the covariance matrix should be non-negative
definite is equivalent to saying that the variance
of any linear combination of X and Y should be
non-negative. Suppose then that we specify expec-
tations for the quantities (X,X2, Y, Y 2,XY ) but
that when we substitute these numbers in to de-
termine the variance of aX + bY we get a neg-
ative number. We claim that this implies that the
expected values for (X,X2, Y, Y 2,XY ) were not
coherent.

In order to see this, suppose V is the squared
error V = [aX + bY −E(aX + bY )]2 and our ex-
pectation of V , E(V ) is negative. Since V > 0 we
have E(V ) < 0 6 V , so that

−1 [V −E(V )] < 0

holds identically, which makes E(V ) incoherent
by Definition 2. However, we show also that the
previsions for (X,X2, Y, Y 2,XY ) are also inco-
herent.

Writing − [V −E(V )] in terms of X and Y
gives

−[ [aX + bY −E(aX + bY )]2

E
(

[aX + bY −E(aX + bY )]2
)

].

Working this out we get

−[ a2(X2 −E(X2)) + 2ab(XY −E(XY ))

+b2(Y 2 −E(Y 2))

+(−2a2E(X)− 2abE(Y ))(X −E(X))

+(−2b2E(Y )− 2abE(X))(Y −E(Y )) ].

So with a little rewriting we see that when E(V ) <
0, we have

sT [Z −E(Z)] < 0 (1)

where,

s = λ ·








−a2

−2ab
−b2

2a2E(X) + 2abE(Y )
2b2E(Y ) + 2abE(X)








, Z =








X2

XY
Y 2

X
Y








.

where λ is any positive scalar, used to ensure s
has allowable scale.

But with (1) we see that when E(V ) is neg-
ative, our expectations for (X,X2, Y, Y 2,XY )
must have been incoherent, or conversely, if our
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expectations for (X,X2, Y, Y 2,XY ) are coherent,
then every resulting E(V ) would be non-negative
and hence the covariance matrix would be non-
negative definite.

3 EXPERT COMBINATION PROPERTIES
In this section we consider some well-known
properties from the Expert Judgement literature
(see e.g. (McConway, 1981; Cooke, 1991; Bed-
ford and Cooke, 2001)), and give analogous prop-
erties for combinations of expert assessments in a
BLM context. Each paragraph contains two items,
the first being the statement appropriate for proba-
bility assessment, denoted P, and the second being
the statement appropriate for assessment of expec-
tations, denoted E.

Marginalisation Property

P The same marginal probabilities are found
whether (a) the assessors distributions are
first combined to form a single distribution,
and then some marginalisation is performed
on this, or (b) the individual assessors all
perform the marginalisation separately, and
the resulting individual marginal distribu-
tions are combined into a single distribution.

E The same expectations are found whether (a)
the assessors expectations are first combined
to form single expectations for each variable,
and then some marginalisation is performed
on this, or (b) the individual assessors all per-
form the marginalisation separately, and the
resulting individual expectations are com-
bined into a single expectation.

Zero Preservation Property

P If all assessors judge an event A to have prob-
ability zero, then the combination of their
probabilities for A is also zero.

E If all assessors judge a quantity to have expec-
tation zero, then the combined expectation
should also be zero.

Strong Setwise Function Property

P The combined probability for an event A de-
pends only on the probabilities given to A by
the individual assessors.

E The combined expectation for a quantity X de-
pends only the expectations assessed for X
by the individual assessors.

Independence Preservation Property

P If all assessors regard two events A and B as in-
dependent, then the combined probability for
A is also independent of the combined prob-
ability for B.

E If all assessors regard two quantities X and Y
as uncorrelated then in the combined assess-
ment X and Y are also uncorrelated. There-
fore ’Zero Correlation Preservation’ is the
appropriate description in this context.

External Bayesian Property

P The result of first combining, and then process-
ing the results of new observations via Bayes’
theorem is the same as first letting the experts
process the results of the new observations
and then combining their updated probabil-
ities.

E The result of first combining, and then process-
ing the results of new observations via BL
adjustment is the same as first letting the ex-
perts process the results of the new observa-
tions and then combining their BL-adjusted
expectations.

The arguments in favour of the marginalization
property are well rehearsed in (Cooke, 1991), and
so we adopt this as the guiding principle and in-
vestigate the consequences in the next section.

4 THEORETICAL SUPPORT FOR THE BL-
LINEAR POOL

In this section we shall loosely follow the line
of reasoning adopted in (McConway, 1981) to
show that the BL-marginalisation property to-
gether with the BL-zero preservation property is
equivalent to the BL-strong setwise function prop-
erty. Then we show that the BL-strong setwise
function property is equivalent to specifying a lin-
ear pool as the expert combination rule. While the
results are similar to those in (McConway, 1981),
the proofs are technically slightly different.

In what follows assume that the decision maker
is interested in assessing means, variances and co-
variances for a collection of unknown real-valued
quantities {A1, . . . ,Ak}. This is done by assessing
all expected values of quantities of the form Ai,
A2

i , and AiAj . For convenience we shall denote
this collection by {X1, . . . ,Xn}. Furthermore, we
shall make use of the following definitions:
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e := number of expert assessors
B := a subset of {X1, . . . ,Xn}
〈B〉 := collection of all finite linear

combinations of elements of B
[B] := coherent belief structure on B,

consisting of a
coherent specification of the
expectation of each quantity Xi.

[B](Z) := expectations of linear
combination Z in belief
structure [B], defined for Z ∈ 〈B〉

[B]i := belief structure of assessor i,
i = 1, . . . , e.

[B]T := restriction of a belief structure
on B to T , T ⊆ B

B(B) := collection of all coherent belief
structures for B

C[B]([B]1, . . . , [B]e) := combination function that
combines e coherent belief
structures on B into one.

C := class of combination functions
[C[B] : [B] ∈ B(B)], where
B ⊆ {X1, . . . ,Xn} and
C[B] : B(B)e → B(B)

In the following we assume the expert assessors
to give consistent assessments across different be-
lief structures in the sense that if two belief struc-
tures share the same elements, we assume the ex-
perts to assess the same expectations for these el-
ements for both belief structures. This means that
we assume [B]iT = [T ]i for all T ⊆ B, i = 1, . . . , e.
Further we note that coherency implies that the ex-
pected value of a constant c must equal c.

Definition 3. BL-Marginalisation Property (BL-
MP). We take B ⊆ {X1,X2, . . . ,Xn}, and T ⊆ B
a non-empty subcollection of B. A class C of com-
bination functions has the marginalisation prop-
erty if and only if, for all B, all T ⊆ B and all
C[B] ∈ C, there exists a combination function C[T ]

such that,

[C[B]([B]1, . . . , [B]e)]T = C[T ]([T ]1, . . . , [T ]e)
(2)

for all [T ] ∈ B(T ) and for all [B] ∈ B(B).

By definition of [C[B]([B]1, . . . , [B]e)]T this is
equivalent to writing that for all Z ∈ 〈T 〉,

[C[B]([B]1, . . . , [B]e)](Z)

= [C[T ]([T ]1, . . . , [T ]e)](Z) (3)

For the expectations of the elements of B this
means that the same expectations are found
whether (a) the assessors expectations are first

combined to form a single expectation, and then
some marginalisation is performed on this, or (b)
the individual assessors all perform the marginali-
sation separately, and the resulting individual mar-
ginal expectations are combined into a single ex-
pectation.

Definition 4. BL-Weak Setwise Function Prop-
erty (BL-WSFP). A class C of combination func-
tions has the weak setwise function property if and
only if for each Z ∈ 〈B〉 there exists a function
FZ : R

e → R such that for all B and all C[B] ∈ C,

[C[B]([B]1, . . . , [B]e)](Z)

= FZ

(

[B]1(Z), . . . , [B]e(Z)
)

(4)

for all [B]1, . . . , [B]e ∈ B(B).

In words, the BL-WSFP says that the combined
expectation for a quantity only depends on the in-
dividual assesments of each of the assessors and
possibly on the identity of the quantity itself.

Theorem 4.1. A class C of combination functions
has the BL-WSFP if and only if it has the BL-MP.

Proof. (I) BL-WSFP ⇒ BL-MP. Take T ⊆ B and
Z ∈ 〈T 〉. We define

[C[T ]([T ]1, . . . , [T ]e)](Z)

= FZ([B]1(Z), . . . , [B]e(Z))

The right-hand side only depends on T and Z be-
cause by consistency of the experts, [B]i(Z) =
[T ]i(Z), for i = 1, . . . , e. By definition, the mar-
ginalisation property holds, and so in particular
[C[T ]([T ]1, . . . , [T ]e)] is a coherent belief structure
on T .

(II) BL-MP ⇒ BL-WSFP. Recall B ⊆
{X1,X2, . . . ,Xn} and Z ∈ 〈B〉. Let [Z] be the be-
lief structure on Z. Suppose C[B] ∈ C satisfies BL-
MP, from (3) we get

[C[B]([B]1, . . . , [B]e)](Z)

= [C[Z]([Z]1, . . . , [Z]e)](Z) (5)

The right-hand side of (5) depends only on Z
and [Z]i(Z), for i = 1, . . . , e. Therefore C also sat-
isfies BL-WSFP.

But it would be even nicer if the combined ex-
pectation of Z would not depend on Z itself, but
only on the expectations of each of the assessors.
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Definition 5. BL-Strong Setwise Function Prop-
erty (BL-SSFP). A class C of combination func-
tions has the strong setwise function property if
and only if there exists a function G : R

e → R such
that for all B, all Z ∈ 〈B〉 and all C[B] ∈ C,

[C[B]([B]1, . . . , [B]e)](Z)

= G
(

[B]1(Z), . . . , [B]e(Z)
)

(6)

for all [B]1, . . . , [B]e ∈ B(B).

Definition 6. BL-Zero Preservation Property
(BL-ZPP). A class C of combination functions has
the zero preservation property if and only if, for
all C[B] ∈ C, for all B, for all [B] ∈ B(B) and all
Z ∈ 〈B〉,

[B]1(Z) = . . . = [B]e(Z) = 0

⇒ [C[B]([B]1, . . . , [B]e)](Z) = 0

The BL-ZPP thus states that if all assessors
judge a quantity to have expectation zero, then the
combination of their expectation is also zero.

Theorem 4.2. For a class C of combination func-
tions the following are equivalent: (a) C satisfies
BL-MP and BL-ZPP, and (b) C satisfies BL-SSFP.

Proof. (I) BL-SSFP ⇒ BL-MP and BL-ZPP. Sup-
pose C[B] ∈ C satisfies BL-SSFP, so that there ex-
ists a G as in (6); then [B]1(Z) = . . . = [B]e(Z) =
0 implies

[C[B]([B]1, . . . , [B]e)](Z) = G (0, . . . ,0) (7)

from (6). By taking the particular case Z ≡ 0, we
see that the left-hand side of (7) is 0, and hence
that G(0, . . . ,0) = 0. So C satisfies BL-ZPP. But
BL-SSFP implies BL-WSFP by definition, and
BL-WSFP implies BL-MP by Theorem 4.1. So
BL-SSFP implies BL-MP and BL-ZPP.

(II) BL-MP and BL-ZPP ⇒ BL-SSFP.
Suppose C[B] ∈ C satisfies BL-MP and BL-ZPP.
By Theorem 4.1, C then satisfies BL-WSFP, so
there exists FZ : R

e → R such that (4) holds. Since
C satisfies BL-ZPP, we also have

FZ(0, . . . ,0) = 0 (8)

for each Z ∈ 〈B〉.

Now suppose X,Y ∈ 〈B〉. By linearity of
coherent previsions (Lad’s Theorem 2.4) we have,

[C[B]([B]1, . . . , [B]e)](X + Y ) =

[C[B]([B]1, . . . , [B]e)](X) +

[C[B]([B]1, . . . , [B]e)](Y ) (9)

It follows that,

FX(x1, . . . , xe) + FY (y1, . . . , ye)

= FX+Y (x1 + y1, . . . , xe + ye) (10)

Hence, using (8) and (10) we see that,

FX(x1, . . . , xe)
= FX(x1, . . . , xe) + FY −X(0, . . . ,0)
= FY (x1, . . . , xe).

We find FX ≡ FY , so FX does not depend on X
and therefore BL-SSFP holds.

Theorem 4.3. For a class C of combination
functions the following are equivalent:

I C satisfies BL-SSFP
II For each C[B] ∈ C there exist real numbers

α1, . . . , αe , nonnegative and summing to 1,
such that for all B, all Z ∈ 〈B〉 and all
[B] ∈ B(B),

[C[B]([B]1, . . . , [B]e)](Z) =
e

∑

i=1

αi[B]i(Z)

Proof. (II) ⇒ (I). The combined expectation for
Z ∈ 〈B〉 (left-hand side) depends only on the ex-
pectations assessed by each of the individual as-
sessors (right-hand side), so BL-SSFP is satisfied.
It remains to show that the linear pool gives a co-
herent belief structure. This is shown separately in
Theorem 4.4 below.
(I) ⇒ (II). Suppose C satisfies BL-SSFP. Then
there exists a function G as in (6). From (9) it fol-
lows that,

G(x1, . . . , xe) + G(y1, . . . , ye)

= G(x1 + y1, . . . , xe + ye) (11)

Repeatedly using (11), we have for any
z1, . . . , ze ∈ R,

G(z1, . . . , ze) = G(z1,0, . . . ,0) + G(0, z2, . . . , ze)

= G(z1,0, . . . ,0) + G(0, z2,0, . . . ,0)+
. . . + G(0, . . . ,0, ze−1,0) + G(0, . . . ,0, ze)

So if we define Gi(z) = G(

i−1
︷ ︸︸ ︷

0, . . . ,0, zi,

e−i
︷ ︸︸ ︷

0, . . . ,0)
for i = 1, . . . , e, we can write G(z1, . . . , ze) =
∑e

i=1 Gi(z). Also (11) implies that Gi(x + y) =
Gi(x) + Gi(y) for x, y ∈ R, so that each Gi satis-
fies Cauchy’s functional equation (Aczél, 1966,
Sec. 2.1.1). If we consider the case in which only
one expert’s assessments are combined, we would
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of course choose these expert’s assessments as
our combined assessments. Any small change
4t in the expert’s assessments would therefore
lead to the same small change in the ’combined’
assessments. Hence Gi must be continuous and
we find that Gi(z) = αiz, where αi is a constant.

We complete the proof by examining the
the case in which z is a constant and all
experts agree that z ≡ C 6= 0. We find by
G(C, . . . ,C) = C =

∑e

i=1 Gi(C) =
∑e

i=1 αiC
that

∑e

i=1 αi = 1.

Following Cooke we call the set of expectations
obtained by taking the linear pool of expectations
of experts, the decision maker (DM) opinion. We
now give the remaining promised result, that if the
experts have all given a coherent set of expecta-
tions then the DM will automatically do so. In
particular, if each of the experts have provided a
vector of expectations and a non-negative definite
covariance matrix, then that derived for the DM
should be so too.

Theorem 4.4. If a set experts each provides a co-
herent set of expectations then the decision maker
based on a linear pool of these sets of expectations
is also coherent.

Proof. This follows immediately from the convex
hull interpretation of coherency. For if each
experts vector of expectations is in the convex
hull then the linear pool is also in the convex
hull.

Finally, we note that the linear pool does not
have the zero correlation and externally Bayesian
properties. This can be easily shown by the fol-
lowing example.

Example 3: Consider the case where two experts
are consulted for their expectations for the uncer-
tain quantities X , Y and XY . Suppose Expert 1
assesses these as E1(X) = E1(Y ) = E1(XY ) = 0
and Expert 2 as E2(X) = E2(Y ) = E2(XY ) = 1.
So both experts assess X and Y to be uncorre-
lated, since for both the covariance Cov(X,Y ) =
E(XY ) − E(X)E(Y ) = 0. If we combine these
assessments by using a linear pool with a weight
of 1

2
for both experts, we find the DM expectations

to be EDM(X) = EDM(Y ) = 0.5 = EDM(XY ),
resulting a covariance of the DM of 0.25. Hence
we find that the linear pool does not posses the
zero correlation preservation property.

Staying with this example, suppose now the re-
alisation of Y is observed. By looking at the ad-
justment rule for the expectation for X given Y ,

EY (X),

E(X) + Cov(X,Y )[Var(Y )]−1(Y −E(Y ))

we see that the adjusted expectation for each
of the experts does not change, where it does
change for the DM. Therefore the linear pool is
not externally Bayesian.

We now proceed to discuss how the weights for
experts might be chosen.

5 PERFORMANCE-BASED WEIGHTING
We speak of performance based weighting when
weights are derived from the performance on seed
variables. The performance on these seed vari-
ables is then applied to derive a combined assess-
ment for the other variables. In order to gain con-
fidence in the assessments on the other variables,
the seed variables should closely match them.

The Classical model of Cooke (Cooke, 1991)
is an implementation of the linear pool that uses
performance-based weighting to combine proba-
bility assessments. Many applications of Cooke’s
method have been made, and a survey of appli-
cations is given in (Goossens et al, 1998). Ex-
perts are asked to give their quantiles (typically
5%, 50% and 95% quantiles) for a number of un-
certain observable quantities. For some of these
quantities, called seed variables, a realisation is
known to the analyst but not to the experts. The
seed variables are used to define two quantities for
each expert - a calibration score and an informa-
tion score. Then these scores are used to determine
a weight per expert possessing a valuable prop-
erty, namely that the experts unnormalized weight
is an asymptotically proper scoring rule. This es-
sentially means that an expert who wishes to max-
imize his unnormalized weight should provide the
quantiles that he/she genuinely thinks are correct.
The idea behind this is to remove possible biasing
effects arising from the scoring system itself.

Calibration measures the degree to which an ex-
pert is good in assessing quantiles. Judged over all
seed variables we would expect on average 5% of
the realisations to be below the 5% quantiles, 50%
to be below the 50 % quantile, and 5% of the reali-
sations to be above the 95% quantiles. In the Clas-
sical method this is measured by using the chi-
square statistic to measure deviation of observed
expert frequencies from the expected frequencies
implicit in the definition of the quantiles.

Information measures the degree to which an
expert gives narrow uncertainty assessments. This
is a relative quantity that compares an experts un-
certainty bands to the so-called intrinsic range of
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values specified by other experts and the realisa-
tion. In the Classical method this is measured by
relative information to a background distribution
(usually uniform or log-uniform) over the intrin-
sic range.

The product of calibration and information
scores give an overall unnormalized weight per
expert, and those above a cut-off value are nor-
malized to give the expert weights (experts under
the cut-off value are given weight zero).

The purpose of this section is to discuss the pos-
sibility of developing performance based weights
for the Bayes linear context. The concepts of cal-
ibration and information do not translate directly
into a Bayes linear context, but we shall see that
it is possible to build a scoring rule that possesses
some similar properties.

The basis for a scoring rule can be obtained
from the observation that my expected value of
a quantity X is defined in Bayes linear world as
the value I would choose E(X) if I were to take
part in a lottery with a small monetary penalty of
c(x−E(X))2 when the realisation of X becomes
known and equals x. Hence when a number of
expected values are being assessed for seed vari-
ables X1, . . . ,Xn, we can define a penalty func-
tion for an expert giving assessed expectations for
X1, . . . ,Xn of a1, . . . , an by

φ(a1, . . . , an) =
n

∑

j=1

cj(xj − aj)
2, (12)

where xj is the realisation of variable Xj (un-
known to the expert at the time of assessment),
and the quantities cj are positive scaling variables
bringing each quantity to a common monetary
scale. Using φ as the basis for weighting is plau-
sible as the expert will minimize future expected
loss φ by assessing the expected values to mini-
mize quadratic loss, as is appropriate. We shall re-
turn to a discussion of the choice of scaling quan-
tities ci later. For the moment we note that φ is a
loss function, that is, we should have more confi-
dence in an expert with a smaller φ.

5.1 Proposed weighting scheme
A weighting scheme that uses the φ function can
be defined as follows. First we compute the φ
value for each expert, giving values φ1, . . . , φe.
Next we choose a cut-off value α > 0 (at the mo-
ment this is arbitrary, but a specific choice will be
made shortly). Any expert with loss φ ≥ α will be
given weight 0. For each remaining expert (Expert
i, say), the unnormalized score is the difference
between the cut-off and the loss, α − φi. These
values are normalized to give individual weights.

The cut-off value α is chosen within the interval

(min(φ1, . . . , φe),∞)

by optimisation so that the loss of the combined
expert is minimized. Note that the two extreme
cases for α in this interval give:

α ↘ min(φ1, . . . , φe): All the weight is given to
the expert with the smallest loss, or equally
to those experts with smallest loss in case of
a tie.

α ↗∞: Equal weight is given to each expert.

5.2 Weighting scheme properties
Clearly there is some degree of arbitrariness in
the scheme proposed. However, two important
properties in its favour should be mentioned. The
first is already clear from the discussion above:
If an expert wishes to choose expected values so
as to maximize his unnormalized score, then he
should simply use the same assessment procedure
he would have used “internally” to choose each
expected value individually.

The second property relates to the choice of
scaling variables. Clearly the choice of these vari-
ables is important in determining the overall loss
φ. However, only relative values of the scaling
variables are important:

Theorem 5.1. If φ is a loss function defined as
above, then for any constant c > 0, the function cφ
is also a loss function, and the normalized weights
obtained from the two loss functions are identical.

This follows easily from the observation that if
α is an optimal cut-off value for φ then cα is an
optimal cut-off value for cφ, so that upon normal-
ization the constant c will disappear.

It is worth pausing to consider in what way
calibration and information are reflected in this
weighting scheme. Cooke requires the experts to
use the same quantiles for all seed variables in or-
der that there is a common “scale” defined by the
probability bins (usually 0-5%, 5% - 50% , 50% -
95% , 95% -100% ). Thus calibration can be de-
fined in terms of quality of assessing likelihood
of quantile bins over all the seed variables. In the
scheme we are proposing, the common scale is de-
fined by a choice of scaling variables, and the cali-
bration is performed directly in terms of quadratic
loss. Assuming that variances of quantities are be-
ing assessed, the overall loss φ contains also terms
such as (x2 −E(X2))2 which take account of the
spread of the variables. Hence uncertainty about
the spread is taken into account, though in a differ-
ent way to Cooke’s information function (which
rewards low spread per se).
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6 EXPERT WEIGHTING PROPERTIES AND
GEOMETRIC INTERPRETATION

We begin by discussing some theoretical proper-
ties of the weighting scheme and then show some
examples and give the geometric interpretation.

Theorem 6.1. The weighting scheme has the fol-
lowing properties:

1. The unnormalized weight of an expert is a
proper scoring rule.

2. The expert with the smallest loss always re-
mains in the pool

3. The DM loss is always smaller than, or equal
to the loss of any individual expert.

4. The DM loss is always smaller than, or equal
to the loss obtained when using equal weights
for all experts.

5. The weighting scheme defines a continuous
mapping from a vector of expert losses to a
vector of expert weights.

Proof. (1) It is well known that the expected value
minimizes quadratic loss. Hence for the expert to
minimize his overall loss he should give his own
mean value of each quantity.

(2) This follows directly from the definition of
the weighting.

(3) and (4). These follow from the fact that they
correspond to the two cases α = min(φ1, . . . , φe)
and α = ∞ as noted before.

(5) Continuity is obvious when all the expert
losses differ from the cut-off value. For an expert
i who does not have the smallest loss, as φi ↗ α
we have wi ↘ 0,and wi = 0 for φi ≥ α. For an
expert with the smallest loss, continuity at φi = α
is not an issue as this is outside the allowed
range of α. Hence the weighting scheme defines
a continuous mapping from a vector of expert
scores to a vector of expert weights.

To understand the geometry of weighting
scheme we first observe that the quadratic scoring
rule is related to a Euclidean norm (just the usual
norm, but scaled by our scaling constants). Hence
the score is in fact the squared distance (using this
norm) from the realisation vector to the experts
vector of expectations. We look now at some sim-
ple examples to gain insight in the behaviour of
the scoring rule.

Example 4: Suppose we have 4 expert asses-
sors, who are asked to state their expectations
for two uncertain quantities X and Y . Let ei =
(Ei(X),Ei(Y )) be the vector of expectations of

X and Y of Expert i. Suppose the experts would
give the following assessments (which we will as-
sume to be coherent in the following):

Expert assessments
e1 (4,1) e3 (4,4)
e2 (2,3) e4 (7,3)

In Figure (2) these assessments are plotted on
the (X,Y )-plane. The line drawn around the as-
sessments in this figure is in fact the convex hull
of the experts expectations. Because each of the
experts has given coherent expectations, all the
points (x, y) inside this convex hull also represent
coherent expectations for (X,Y ) (Lad’s Theorem
2.5), and hence a decision maker that uses a linear
pool of the experts assessments will also be coher-
ent.

1

1

PSfrag replacements

X

Y

e1

e2

e3

e4

r1

Possible DM expectations

Figure 2: Realisation in convex hull

Suppose we choose to score the assessments
with the penalty function (12) with scales cX =
cY = 1 and that after the experts have given their
expectations, we observe realisation r1 = (5,2.5).
Then we can compute the normalised weights
w1,w2, w3 and w4 for the experts and the DM ex-
pectations (EDM(X),EDM(Y )) based on the lin-
ear pool using these weights, for all possible cut-
off values α. We choose α to be greater than the
minimum penalty score φmin = min(φ1, . . . φ4) of
the experts, thereby leaving at least one (the best)
expert in the pool. The dashed line in Figure (2)
represents the range of values of the DM expec-
tation vector for α ∈ (φmin,∞). So the graphical
interpretation of choosing the optimal cut-off α,
i.e. that α that minimizes the DM penalty, is sim-
ply choosing the point on the dashed line that is
the closest to the vector of realisations.

Example 5: We take the same assessments and
scales as in the previous example, yet now we take
a look at what happens when we observe a real-
isation outside of the convex hull of the experts
assessments, r2 = (10,2).
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Figure 3: One expert selected

In this case, the vector e4 is an element of the
possible DM values, and since it has the small-
est norm distance to the realisation r2 only Expert
4 will be in the DM linear pool, being assigned
the weight w4 = 1. The dashed line of possible
DM values starts when an infinitely great cut-off
value α is evaluated, leading to equal normalised
weights wi = 1

4
for all experts and the correspond-

ing vector (4.25,2.75) for the DM. With α de-
creasing the score of the experts becomes relevant
and the DM vector starts to move in the direction
of the better experts, in this case all the way until
it meets the best expert, Expert 4.

Example 6: In this example we evaluate the case
where we have two experts, with equal but both
relatively poor performance. Suppose we have the
following expectations (again assumed coherent):

Expert assessments
e4 (1,3)
e5 (11,3)
e6 (21,1)

Now, after getting these expectations we observe
r3 = (11,0.9). The DM score is now optimised
by taking cut-off α as large as possible, leading
to equal weights wi = 1

3
for all experts. In fact, it

does not matter how poor experts 4 and 6 judge-
ments of E(X) are, as long as these have about the
same norm distance to the realisation xr3

and are
in opposite direction of xr3

, we will get the same
expectations for the decision maker, after optimi-
sation over α.

Finally, we return to Cooke’s principles for the
use of expert judgement and show that the lin-
ear pool with the performance based weighting
scheme as described in section 5.1 can comply
with these principles. All quotes in the remaining
part of this section are taken from (Cooke, 1991).

The principle of reproducibility requires the
possibility “for scientific peers to review and if

PSfrag replacements

X

Y

e4

e5

e6
r3

Possible DM expectations

Figure 4: Experts with big losses selected

necessary reproduce all calculations”. This prop-
erty can be fulfilled by specifying the weight-
ing scheme explicitly and making the experts as-
sessments accessible. When also the source of
the assessments is specified explicitly, account-
ability is achieved. By using performance based
weights, the principle of empirical control is sat-
isfied. The neutrality principle requires that “the
method for combining/evaluating expert opinion
should encourage experts to state their true opin-
ions”, which is exactly what is pursued by us-
ing an unnormalized score with the proper scoring
rule property. As all experts are treated equally,
also the principle of fairness is fulfilled.

7 CONCLUSIONS
The Bayes linear methodology is a rigorous model
for uncertainty that requires less modelling detail
than probabilistic modelling. In this paper we have
shown how the concepts of expert pooling, infor-
mation and calibration can be dealt with in the
BLM framework. Many of the results are analo-
gous to the results in probabilistic modelling, but
do not follow from the corresponding result in the
probabilistic framework. The results are consis-
tent with the probabilistic framework in the sense
that linear pooling of expert probability distribu-
tions implies also linear pooling (using the same
weights) of expert expectations. However, the re-
sults developed here are outside the probability
framework.

In addition to considering the properties re-
quired of a combination rule, we have shown how
a performance-based weighting scheme similar to
that of Cooke can be developed. This method has
a simple geometric interpretation and appears to
have some reasonable properties and is worth fur-
ther exploration.
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PLAN 
1. Models of lifespan (Exponential, Weibull)
•Experience data and expertise, 
•Biases
•Bayesian frame

2. Examples treated at EDF 
3. Other models 
•Example of anticipation 

4. Conclusions
Summary of examples
Assessment of the examples

Lessons learnt from the expertise
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1. Introduction
• Position expertise with respect to some related notions
• Highlight it’s interest for reliability studies
• Show the strong link with experience data
• Introduce two main notions :

• Biases (issue)
• Bayesian (method)

87



4
R&D
D É P A R T E M E N T   MANAGEMENT DU 
RISQUE INDUSTRIEL

EDF
Electricité
de France

1. What is expertise ?
• It makes it possible to supplement, to improve the 

objective data
• It is often the only source of information available, or 

the only one which can make it possible to conduct 
forecasts.

• It is a source of subjective information, based on 
knowledge, the training and the experiments of experts 
of a particular field, at a given moment. 

• It can be qualitative or quantitative. 
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Industrial interest

• Expert opinion constitutes prior knowledge.

• It proves to be essential when: 

• - experience data is rare, even non-existent 

• - the future is not the same as the passed: 

• new design,

• modification of design, restoration,

• modification (exploitation procedures, 
maintenance tasks)
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Experience data and expertise

DATA EXPERIENCE 
PROCESS

COLLECT AND VALIDATE DATA

EXTRACT

VALIDATE THE SAMPLE

CALCULATE

INTERPRET, DECIDE

Failure analysis
Criticity
Reason

EXPERTISE SUPPLY

Make of a coherent sample 

Relevance, exclusion of out layers

Estimate impacts : change of operation, maintenance, conception
Change of environment
Maintenance efficiency estimation
Sensitivity studies

Assumption and uncertainty validation
Decision-making – Expertise and data experience comparison
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Need for expert knowledge but …

A scientific method remains a subject of current research. 

The main problems are: 
1 - The choice of the experts, 
2 - The Elicitation of the experts 
(individual interviews, interactive groups, the Delphi method) 
3 – The analysis of the answers of experts
(biases, weighting and aggregation); 
4 - The modeling of the answers and uncertainties
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Goal of the speech

Many methods were developed, mostly for PRA studies (EPS) : 
safety related

Structured methods, intended to collect and capitalize on strategic 
information. 

What about performance concerns ?
Expertise to supplement the data, in a decision-making process

Search for possible values, attempt to be accurate enough to take 
decisions, quantification of possible events in order to give good 
bases for industrial decisions : the frame is not the same. 

This speech will introduce 5 examples / tools, treated by EDF and 
partners and discuss them. 

92



9
R&D
D É P A R T E M E N T   MANAGEMENT DU 
RISQUE INDUSTRIEL

EDF
Electricité
de France

BIASES

• Any variation compared to the truth represents a BIAS. 
• Biases disturb the quality of the expertise. 
• Main types of biases: 
• 1. biases of situation : two main contributors
• - cognitive bias related to the difficulty in changing its judgement 

Csq: weight of the serious accidents, statistical and probabilistic 
rules do not apply 

• - motivational bias, related to the process of elicitation and on 
pressure of the environment 
Csq: importance of the procedure and the preparation

• 2. excessive confidence bias: a true value said by one expert with 
boundary 90% chance is actually located around 30 to 60%. 
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Parametric Bayesian inference

Prior pdf knowing D
Likelihood

BAYES

Posterior Pdf
knowing D Coherence

Sensitivity
Estimation

New
prior

DataExpertise
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2. Examples
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1 - Opinion of experts over the lifespan of 
exponential materials 

Suitable for failure in operation with no aging = 
constant failure rate

2- Bayesian estimate of the lifespan of aging 
materials through Weibull modeling 

Versatile law, increasing or decreasing failure rare 
can be modeled : two softwares 
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Exemple 1
Experts are asked about :
• Time for failure t of a componant :

Which is equivalent to a Pdf :  f (t)  = λ exp ( - λ t ),
• The shortest time for time for failure t (component will be reliable at t):

Equivalent to a Reliability assessement R (t) = exp ( - λ t ),
• The longest time for time for failure t (componant will have failed before

t: Cumulative pdf F (t) =  1 - exp ( - λ t ),
• A boundary : The component fails between t1 et t2 :

 Difference beween reliabilities 
 R (t1) - R (t2) = exp ( - λ t1 )  - exp ( - λ t2 ).

Calculation of the likelihood of the expertises (by the product of their 
former translation) and, using statistical software, of a confidence 
boundary. 
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Example 1 : Censored expert advice
1 1° expert    :  failure at t = 5000 h

2° expert    :  survival at t = 4500 h
3° expert    :  failure between 4000 et 5200 h
4° expert    :  failure before 6000 h
5° expert    : failure between 2000 et 8000 h

2 Solution : Likelihood of experts :
L = λ exp [-λ 5000 ] . exp [-λ 4500] . [exp -λ 4000 - exp -λ 5200].
[ 1 - exp -λ 6000 ] . [ exp (-λ 2000) - exp (-λ 8000) ]

Non analytical solution to estimate a confidence interval, 
Use of a computational method :

[1.14 E-4 ; 3.19 E-4] ; 90 % 
Which gives the two parameters of a Gamma law : G [ 10,6 ; 51906]

3 Experience date : 8 failures in a cumulated 50000 hours
4 Bayes theorem  : λ = 18,6 / 101906 = 1,83 10-4/h
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Example 1 : Comment on the method
The expertise is equivalent to 10.6 failures in around 52 000 
functioning-hours.

This modeling is not very satisfying.

It should be equivalent to less than 5 failure, due to the fact that 4 
experts have given censored times (less accurate than a failure)

A weighting work should have been conducted before adding data, 
cf. [Bousquet Phd]
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Example 1 : main points
No prior treatment of biases. 

Ability for the experts to express their knowledge in different ways 
(lasted maximum, lasted minimum, boundary). 

Open questions concerning lifetime. 

The method of aggregation, mathematically rigorous, is simple. 

The analyst can thus measure the contribution of each opinion, make 
studies of sensitivity and re-interrogate experts. 

The mathematical tool allows the further treatment of biases. 
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Issue = modeling of a Weibull law
The opinions of experts are used to model the parameters of a 

Weibull law.

Reliability under a Weibull assumption: 

Shape parameter : θ
Scale parameter : η

The shape parameter is much more abstracted, for an expert, than
the lifespan (or η). 
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Example 2 : Questions of IBW3 (EDF-ENEA)

software
Value of the scale parameter (mean)
• Value of the scale parameter (mode = X-coordinate of the highest value 

of the density)
• Value of the shape parameter (mean)
• Value of the shape parameter (mode)

 Questions simple but … very difficult to answer
 Some help is necessary : sensitivity studies are conducted by the 

software
 
Representation of various laws
Representation of boundary at 67%, for various choices 
The experts can change or validate their choice 
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IBW3 outputs
Example of the shape parameter
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Example 2 : Main points
Experts are questioned on what they don’t well know 

An easy translation of their opinion is made (boundaries)

Sensitivity studies are performed to help experts in their choice. 

The expert can thus learn how to measure the consequences of their 
choices. 

The software allows the training of experts. 
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Exemple 3 : Questions of BRM (EDF-INRIA)

software
Is it about a material subjected to ageing?

If so, are the increase in the maintenance actions important during 
the lifespan of the component? 

Are these answers based on facts (experience data, maintenance 
program)?

Taking into account environmental factories and maintenance, could 
you indicate extreme values T1 and T2 of the lifespan of this 
component. 
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Example 3 : Use of expertise
Prior density : η scale parameter  : Gamma law G(a,b) 

β, shape parameter : Bêta law B (p,q)

The two parameters are independent (not after including the experience 
data).

General information, coming from the preceding questions, is used to 
estimate the value of the four parameters.
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Example 3 : Main points
Experts are questioned only on what they know. 

A lot of thinks are added through modelling :

Sensitivity studies are necessary and their results must be easy
to understand

No calibration, or weighting.
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Weibull modeling :  Synthesis
Few questions : 4, for 4 parameters each time
Nothing on uncertainties : a previous trial [INRIA, Elicitae] proved to 

be to difficult to implement

The analysis adds to the statement of expert (model) : the issues of 
coherence and sensitivity appear to be very important.

Calibration and of weighting were not addressed.

Biases are not really addressed (or re addressed by qualitative 
questions !)

The posterior density shows the average and precision of the 
inference which one can make. 
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Implementation : Example 4

•Data resulting from a Weibull law :

•scale parameter η =8760h (1 yr)

•shape parameter form θ =2,15 

•Reliability : R (T=2600h) = 0,93 

•5 different installations, each of two manufacturing 
units, started at different dates 

•5 different ages, between 0,5 and 0,7 year). 
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Sampling of simulated data 
• Censure before the failure, one keeps the censure 

• Failure before the censure, one keeps the failure 
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DATA A215 et B215
A215

(age in fours)
Censored data (0) or 

failure (1)
B215

(age in fours)
Censored data (0) or

failure (1)

4380 0 4380 0

4380 0 4818 0

4818 0 4818 0

5256 0 5256 0

5256 0 5694 0

6132 0 6132 0

6132 0 1291 1

2652 1 1611 1

2881 1 1791 1

3388 1 4380 1
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Expertise modeling

E (η) Mode η Boundary 
66%

E (θ) Mode θ Boundary
66%

Vague opinion 9000 4000 2450
8150

2

2

1
2

Precise opinion 9000 8000 7050
9600

1,3

1,9 1,7
2,2
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B 215 data - η = 8760 et θ=2,15

B215 : valeur vraie = 8760 
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A 215 data - η = 8760 et θ =2,15

A215 : valeur vraie = 8760
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Conclusion
With very few data, it is possible to make good inference but the 

expert assessment must be both good and precise
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3. Other models
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The issue in this section : when lifespan data (time to failure,
censored times) is not directly involved for the forecast, what 
specific can we say on expertise ?

We present the specific issue of anticipation  of aging mechanisms
(which ones could possibly happen, are they relevant ?)

Conclusions for a conditional monitoring issue proved to be similar
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Anticipation – specific issues

• To anticipate = the expert must be assisted in a step of 
creativity

• Psychological inertia [Altshuller]: barrier to the creativity, 
due to much too specialized practices.

• Assistances for creativity is necessar:
• Associative logic: meetings
• Analogical logic: use of resemblances 
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Example 5 : anticipation methodology – L. 
Bouzaïene PhD

Experts opinions are used in 5 occasions :
• To identify potential aging mechanisms 
• To identify their potential mitigation actions 
• To study the relevance of the mechanisms 
• To prioritize these mechanisms
• To evaluate the mitigation actions 

• Both qualitative and quantitative.
• More complex than previously. 
• The data are not complementary any more to expertise in the final 

estimate. They are used in the steps of stimulation. 
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Creativity phase
Creativity

1- Identification 
of potential 
degradation 
mechanisms

4- Identification 
of potential 
mitigation 

actions

(Collective elicitations)

Experienc
e data

Similar 
components 
data

Fonct
analysis 

Mechanisms 
list

Exp 
data PBMP

Mitigation
list

Method #1 for 
helping 
creativity

Method #2 
for helping 
creativity

Context, 
objectives

Similar 
components 
data
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Analysis phase

5- Study of 
mitigation a 

actions’ relevance 
(efficiency, costs)

2- Study of 
mechanism’s 

relevance 
(kinetics)

3- Analysis of 
relevant 

mechanisms : 
potential 

dysfunctions  
(criticity, modes, 
consequences) (Individual

elicitations)

AnalysisQuestionnaire 2

Belief 
network

Belief 
networks

Questionnaire 1

Questionnaire 4
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Method 1 - Stimulation principle : generic 
lists

Descending method
Aging mechanisms generic list

List 1

Suppress impossible 
ones for the 

component, add 
possible missing 

ones

List 2

Suppress mechanisms with 
no effect on the materials

List 3

Potential 
aging 

mechanisms

Suppress mechanisms with no effect 
on the materials taking into account

the environment (process, 
chemistry)

Suppress mechanisms with no effect on the 
materials taking into account the 
environment (process, chemistry)

on specific parts or areas of the SSC

Information 
useful for 

anticipation 
(experience 

data)
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Exemple 5 - Creativity
Creativity here means collective and suppress (step by step)

The expert is helped: experience data of similar materials, generic 
lists of mechanisms, maintenance programs

Implementation of both analogical and associative methods (inertia)

The expert speak “his” language (chemist, metallurgist,…) BUT the 
dialogue between experts is done by the implementation of the 
method (list of mechanisms to be selected)

The respect of all the ideas is obtained by translating the ideas by 
post-it : anonymous

Address the different questions one by one : materials, environment, 
specific locations focusing slowly to the problem 
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Example of a tool to help for quantification
Step 2 - belief network for fatigue

Fatigue 
relevance up to 

t
Plant use (base load 

or load follow)

Changes in safety 
rules up to t (fatigue 

curves,…)

Usage Factor at t0 
UF(t0)

Stress 
concentration 

Zones

Mechanical
Stresses 

(pressure,… )

Amplitude of stresses 

temperature Gradient in 
the thickness

Diffusivity

StratificationTransients severity

Temperature 
gradient of the fluid
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Example 5 – Quantification
Each variable has 2 possible states.

For example Diffusivity can be “good” or “bad”.

For each state, the expert must say what are the chances of the 
different states of the variable it influences : the probability that 
the mechanical stress is high knowing that the diffusivity is good 
for instance.

With several influence variables, it becomes complicated. Some 
ideas can be found (F. Corset PhD for instance)
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Role of the expert
• Identify parameters
• Identify the main links between parameters
• Estimate all the conditional probabilities (between two nodes)
• Estimate all the input probabilities
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Exemple 5 - Analysis
Individual
The expert must be helped in order to quantify more easily. 

Tool: belief networks capitalizing the knowledge of experts on 
mechanisms. 

Construction of the network has to be done previously, by expertise.

It is necessary to estimate the values of the nodes, potentially in 
great number. That can justify the development of adapted 
methods, cf [Corset]. But, it is much better to simplify the network.

If not, the studies of sensitivity and validation become very difficult. 
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Conclusion on « other models »

• The expertise is all the more strong as the model is not provided 
by the analyst. The model of Weibull “is brought” by the analyst, 
the belief network or a the condition-based maintenance model is 
built by the expert. 

• Once the model has been built, the expert must give the probability 
values or indicate data relevant to do it. 

• An interesting intermediate situation between the two models = 
models of lifespan with covariables (value of parameters presumed 
to modify aging) 
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4. Conclusion
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Summary of examples

A good way to analyze the former examples is to 
consider the connection between

EXPERTS

DATA MODEL
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Model Data is used 
…

Data

Lifespan 
Exponential

after 
expertise

after 
expertise

before 
expertise

Lifespan Weibull

Time to 
failure and 
suspensions

Time to 
failure and 
suspensions

Expert 
knowledge, belief 
network

Aging 
mechanism 
list, 
maintenance 
tasks

Type of 
compone
nt

Main role of 
the expert

Active 
(first 
failure)

Active 
(first 
failure)

Age 
prediction
affordable
Age + aging 
prediction
difficult

Passive Built the 
model
long
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General principles on the expertise

• Even if it is vague (from the quantitative point of view), expert 
knowledge should be used 

• Experience data is strategic, the expertise is complementary. 
• The model used must be adapted to the aim of the study
• Sensitivity studies must be conducted when expertise is modeled 

in a bayesian frame 
• The put questions must be simple 
• The selection of the experts is difficult, especially for safety

concerns
• Any expertise must be recorded 
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Lessons learnt from the examples 

• In all the cases, the quantitative questions are simple: a figure, a 
boudary, an opinion. 

• Models used are often complex and add information to the opinion 
of expert. 

• The analyst must assume this addition  
• But as a consequence, validation of the results and their logic 

must be simple to do and discussed with experts
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Perspectives

• The development of the experience data.

• The development and the implementation of advanced models: 
conditional maintenance, belief networks for anticipation. 

• Methods and tools to capitalize the expertise. 

• The qualification of the experts. 

• The development of tools for integrating expertise and data.

• The use of the expertise throughout the cycle of life.
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ABSTRACT: In the food industry, end-products must satisfy a compromise between several properties, in-
cluding sensory, sanitary, technological properties. Among the latter, sensory and sanitary properties are es-
sential because they influence consumer choice and preference. Nevertheless, managing these properties at 
the manufacturing stage with the aim of controlling them is not an easy task. Consequently, in practice, op-
erators often play an important role and cooperate with automation to: (1) make on-line evaluations of the 
sensory properties of the product and/or (2) adjust the on-line process. Moreover, experienced operators 
make macroscopic interpretations of the physicochemical phenomena that appear during processing. These 
interpretations can be coupled to classical engineering knowledge of the processes. Integrating operator and 
expert skill in a control framework is thus a relevant direction, especially for traditional processes. In this 
framework, the aim of this paper is to provide a methodological guideline, integrating adapted mathematical 
tools, to manage the expert-operator knowledge as to control the food quality and to develop decision sup-
port systems. The methodological guideline proposed in this paper has been used in 10 applications of con-
trol linked to the food industry (baking, drying, mixing,…). Among them, we have chosen to describe 2 ap-
plications particularly illustrative : the control of a process of sausage drying and the control of a process of 
sponge fingers batter aeration. Results are pertinent with level of matching between the model and the real 
test points over than 80%. 

1 INTRODUCTION : THE CONTROL OF 
THE PRODUCT QUALITY IN THE FOOD 
INDUSTRY  

In the food industry, end-products must satisfy a 
compromise between several properties, including 
sensory, sanitary, technological properties. Among 
the latter, sensory and sanitary properties are essen-
tial because they influence consumer choice and 
preference. Nevertheless, managing these properties 
at the manufacturing stage with the aim of control-
ling them is not an easy task for several reasons de-
scribed for example in ((Curt, 2004) (Ioannou, 
2004)(Davidson, 1996)). In this context, despite the 
fact that the design of standards and reliable proce-
dures for controlling the quality of products is a ma-
jor objective for the food industry (Goyache, 2001), 
automation is limited. A recent study (Ilyukhin, Ha-
ley & Singh, 2001) showed that 60% of food manu-
facturing plants are not fully automated, and that 

automatic controllers and human operators are both 
involved in food processes control. As underlined 
by (Mc Grath, 1998), many production processes 
rely to a great extent on the skill and experience of 
the operator. Consequently, in practice, operators 
often play an important role and cooperate with 
automation to: (1) make on-line evaluations of the 
sensory properties of the product and/or (2) adjust 
the on-line process. Moreover, experienced opera-
tors make macroscopic interpretations of the phys-
icochemical phenomena that appear during process-
ing, which can act in synergy with classical 
engineering knowledge on the process. Integrating 
operator and expert skill in a control framework is 
thus a relevant direction, especially for traditional 
processes. In this framework, the aim of this paper 
is to provide a methodological guideline, integrating 
adapted mathematical tools, to manage the expert-
operator knowledge to control the food quality and 
to develop decision support systems. 
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2 METHODOLOGICAL GUIDELINE 

In the frame of an integration of the expert-operator 
knowledge, we propose a methodologic guideline 
presented figure 1 (Perrot, 2004). This guideline is 
made up of four levels.  
 

Preliminary step

Adapted systemic analysis

Level 1

Mathematical formalization of the human knowledge

Tools for validation

Level 2

Level 3

Level 4

Algorithm of 
measurement, diagnosis 

or control

Qualitative validation with the experts

Quantitative validation on data basis

On line validation

Build a Data 
basis if 

necessary 

No 
validated

validated

Validated tool as to help decision-making in the food industry  
 

Figure 1 : schematic view of the methodologic guideline 
 

2.1. The first level 

The aims of the first level are (1) to have a global 
understanding of the physical, chemical and bio-
logical phenomena involved in the processes en-
countered and (2) to select the operators-experts 
that will be involved in the work. This step is 
achieved under conceptual analysis from the KADS 
approach (KADS, 1994). 

2.2. The second level 

The second level refers to the systemic analysis 
proposed by (Foulard, 1994) including a unified 
formalization of the variables of interest. The first 
aim is to define the limits of the studied system and 
the hypothesis associated to the study. The second 
aim is to unified the formalization of the different 
variables involved in the problem. Table 1 presents 
the different formats encountered in our studies for 
the variables of interest.  
 
Table 1: different formats encountered in our studies for 
the variables of interest 

 

Variable 
of interest

Instrumental 
measurement

Sensory 
measurement on a 
structurated scale - 
sensory indicator 

(Curt, 2001)

Sensory 
measurement on a 

linguistic ordonated 
scale

Numerical 
information

Information on 
a linguistic 
ordonated 

scale

Format Numerical, 
continuous

Numerical, 
discontinuous

Linguistic Numerical, 
continuous

Linguistic

Examples Luminance 
(vision)

Color of the 
biscuits evaluated 
by a sensory panel

Color of a biscuit 
evaluated by an 

operator as "over 
cooked biscuit", 

"well cooked 
biscuit", etc.

Temperature set 
point of an oven

Global state of 
a biscuit after 

baking

Input variables Output variables

 

 
We propose in our methodology to unify the differ-
ent formats using the theory of fuzzy sets (Zadeh, 
1971) and more specifically the concept of fuzzy 
symbolic sensor. Since 1971, Zadeh and later Du-
bois (Dubois & Prade, 1980) have shown the rele-
vance of fuzzy sets to establish a link between a set 
of words and a universe of “discourse”. Applied to 
the measurement of perceptive “magnitudes”, the 
fuzzy subset theory led to the development of a new 
concept proposed by (Mauris et al., 1994) in 1994: 
the fuzzy symbolic sensor. Fuzzy techniques are 
used to define a language such as a relation between 
a set of words (L) and a numerical set (N). This re-
lation is characterized by a membership function, 
µRF, which represents the degree or the strength of 
the link between the symbols and numbers. This 
fuzzy relation can be described by two projections 
that take their values from the set of fuzzy numeri-
cal subsets F(N) and from the set of the fuzzy sym-
bolic subsets F(L):  Meanings and Descriptions. 
 
Meanings (MF) and Descriptions (DF) can be de-
fined as follows (Eq. 1 and 2):  
 
 

MF:        (1) ),(NFL →

        ),()(,, )( xaµRFxµNxLa aM =∈∀∈∀  
Fuzzy meaning allows representing the symbols 
manipulated by operators in the form of words. For 
example this notion can be used to represent, after 
expert handling, a projection in a numeric space of 
the symbolic way used by operators to qualify for 
example a biscuit in terms of moisture content of 
the product:  “dry, normal, humid” (figure 2).  
 

0.5

1

µ

2.5 3.5 4.5 Moisture 
content (g/100 

g MS) 

« dry »        « normal »       «  humid » 

 
Figure 2 : Example of a fuzzy meaning of the moisture 
content of a biscuit 
 

DF:        (2) ),(LFN →

        ),()(,, )( xaµRFaµLaNx xD =∈∀∈∀  
 
The fuzzy description is a simple way of describing 
a measurement with words. For example, in figure 2 
a moisture content of 4 g/100gMS can be described 
like this:  
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µD(4) (“dry”)= 0;µD(4) (“normal”)= 0.5;µD(4) 
(“humid”)= 0.5 
 
We can also note:  
D (4) = 0 /dry + 0.5 /normal + 0.5 /humid. 
 
To conclude, the symbolic sensor approach pro-
vides a tool for processing the different symbolism 
used to represent a physical entity like operator’s 
measurement on a linguistic scale or on an ordo-
nated scale and sensor measurements expressed on a 
numerical scale. 

2.3. The third level 

The third level aims to model the operator-expert 
judgement, it involves  two adapted mathematical 
approaches : classical expert systems and an 
adapted fuzzy symbolic approach.  

2.3.1 Classical expert system  
Stock (1989) defined an ES as “an intelligent auto-
mation environment comprised of traditional and 
heuristic methods to solve a particular problem”. 
The problem area to be treated by ESs must meet 
several requirements : it must be well defined, com-
plex but structured, primarily cognitive and a rec-
ognised expertise must be available (Stein & Mis-
cikowski, 1999). Moreover, for process control, ES 
are suitable when the problem cannot be solved by 
conventional algorithms and when there is a per-
ceived need or desire for an ES (Davidson, 1994). 
An ES is first composed of a knowledge base, con-
taining the domain knowledge in the form of facts 
and rules or another form of heuristics. Rule-based 
programming is one of the most commonly used 
techniques for developing expert systems. In this 
programming paradigm, rules are used to represent 
heuristics, or "rules of thumb," which specify a set 
of actions to be performed for a given situation. The 
second element of an ES is the inference engine 
which automatically matches facts against patterns 
and determines which rules are applicable.  

2.3.2 The fuzzy symbolic approach 
For the fuzzy symbolic approach, associated to the 
symbolic sensor approach described below, tools 
for aggregation of the membership degrees to the 
symbol manipulated are implemented. The fuzzy 
function used for fusion are created on the basis of 
an expert explanation of the logical links between 
the symbols. These links between the symbols, in-
corporate the global aim of the merging. The infer-
ence is made by Zadeh’s compositional rule of in-
ference, applied to the fuzzy symbolic descriptions 
of the inputs, which is explained below. 

Let us consider that LX = {A1, ..., Ai, ..., Al}, LY = 
{B1, ..., Bj, ..., Bm} and LZ = {C1, ..., Ck, ..., Cn} 
three sets of linguistic terms and let us consider a 
set of rules with the generic form: 
 
If X is Ai and Y is Bj Then C is gi, j,1/C1 + ... + gi, 
j, k/Ck + ... + gi, j, n/Cn. 
 
This set of rules defines a fuzzy relation RF on the 
Cartesian product LX×LY×LZ, with a membership 
degree µR. The generic rule provides the member-
ship degrees µR(Ai, Bj, C1) = gi, j, 1, ..., µR (Ai, 
Bj, Ck) = gi, j, k, ..., µR(Ai, Bj, Cn) = gi, j, n. Obvi-
ously, this relation is crisp if no weighting is used 
(i.e. gi, j, k is equal to 0 or 1). 
 
Let us consider E to be a fuzzy subset of LX and F a 
fuzzy subset of  LY, defined by: 
 
E = a1/A1 + ... + ai/Ai + ... + al/Al and F = b1/B1 + 
... + bj/Bj + ... + bm/Bm. 
 
The image of ExF from the fuzzy relation R is a 
fuzzy subset G of LZ whose membership degrees 
are presented Eq. 3. 
 
∀k∈µG(Ck)  = sup min(µE×F(Ai, Bj), µR(Ai, Bj, 
Ck))                  (3) 
= sup (i, j) min(µE×F(Ai, Bj), gi, j, k)     
with I = {1, ..., l}, J = {1, ..., m} et K = {1, ..., n} 
 
According to the definition of the fuzzy Cartesian 
product (Eq. 4) : 
µExF(Ai, Bj) = min(µE(Ai), µF(Bj)) = min(ai, bj) 
                   (4) 
 
The equation giving G is the direct application of 
Zadeh’s compositional rule of inference. It can be 
generalized by replacing the min operator by a tri-
angular norm. In other respects, since the the sets 
are finite, the supremum can be replaced by the 
maximum, and even generalized by a triangular co-
norm. The generalized equation thus becomes (Eq. 
5) : 
 
∀k∈K µG(Ck) = s(i, j) ∈ IxJ t1(t2(ai, bj),gi, j, k)   
               (5) 
 
with t1 and t2 being two triangular norms, often 
similar while and s is a triangular co-norm. 
 
This tool of fusion described below, manipulated at 
a linguistic level (linguistic inputs, linguistic out-
puts) is coupled to a TAKAGI-SUGENO constant 
output type fuzzy controller (Takagi & Sugeno, 
1985) when it is necessary to calculate a numeric 
output. Thus the numerical control (c) is directly 
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calculated with the activation grades (αj) and the 
constant output parameters (pj) of each rule j (Eq. 
6). The Tnorme operator is the minimum one. 
 

c
jpj

j
j

j

=
∑
∑

α

α
           (6) 

2.3. The fourth level 

Finally, the fourth level proposed mathematical 
tools to validate the algorithms built in a context of 
manipulation of linguistic variables . Three steps 
define this last level. The first step is a qualitative 
validation of the algorithm with the experts. Struc-
turation of the fuzzy meanings and descriptions as 
well as the symbolic rules of fusion implemented 
are qualitatively validated. The second step is a 
validation on a data basis constituted for this aim 
and representative as much as possible of the whole 
functioning points of the system. The output of the 
model (Rm) is compared to the registered answer of 
the operator (Ro) and the number of compatible an-
swer (C) is calculated upon the equation 7. The 
third step could not always be achieved but is rele-
vant especially if the problematic is the on-line con-
trol of a process. It allows, in particular, to adjust 
the time activation of the control loop which should 
be fixed with attention.  

         si       0  
-    avec              si       1  
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>=

=≤=

=
=

                   (7) 
where St is the sensibility level of the human per-
ception for the considered sensory measurement 
 
 
To conclude, the methodological guideline pro-
posed in this paper is a result of an inductive sci-
entific approach and has been established through 
a confrontation to 10 applications of control 
linked to the food industry (baking, drying, mix-
ing,…). Among them, we have chosen to describe 
2 applications particularly illustrative : the control 
of a process of sausage drying and the control of a 
process of sponge fingers batter aeration. 

3 APPLICATION FOR HELP THE 
DECISION MAKING IN THE FOOD 
INDUSRTY 

3.1. Example of a sausage drying process 

3.1.1 Introduction 
The aim of the present study was to help the opera-
tor to control the drying process as to maintain the 
sausage quality. After a first work with two experts 
of the factory managed upon the levels 1 and 2 de-
scribed in chapter 2, a first structuration of the ex-
pertise was captured and formalized in two months 
of work (figure 3). The inputs were three linguistic 
sensory (for example the sausage firmness evalu-
ated by the operator on an ordinated linguistic 
scale) and the time of measurement. The output of 
the decision system is constituted with two numeric 
outputs : moisture and temperature of the drying 
chamber new set points. 
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Figure 3 : The global structuration of the expertise 
 
 
3.1.2 Description and validation of the state model 
The heart of the state model is implemented with 
the fuzzy symbolic approach described in chapter 2. 
Fusion of the sensory inputs are achieved through a 
decision tree reasoning, structured after expertise 
handling. Figure 4 presents this decision tree. At 
each level of this decision tree, logical equations are 
implemented and calculus is achieved using equa-
tions 1, 2, 5. Thus, on the basis of a standard trajec-
tory of each sensory inputs expressed by the opera-
tors and registered in our state model (example of 
the standard trajectory of the sausage firmness dur-
ing drying figure 5), a standard deviation of each 
sensory inputs is calculated using the fuzzy descrip-
tion function (equation 2). On the basis of the result 
of this step, the three standard deviation of the three 
inputs are fused using equation 5. Programming of 
this structured knowledge is achieved using Matlab 
v 6.5. 
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 Fusion of the sensory indicators 

Set point   Little standard deviation    Deviation 

Identification of a deviation 

Possible case 
Error 

Rattrapable              Irretrieval 

Other process                      Drying 

Origin of the deviation

Caractérisation of the deviation 

Advanced      Delayed  
Figure 4 : Decision tree of the drying support system 
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Figure 5 : standard trajectory of the sensory input : sau-
sage firmness 
 
 
Table 2 : Results of validation of the state model by 
simulation  

Levels of the decision tree Number of compati-
ble answer in % 

V1 Identification of a deviation 97 % 

V2 Origin of the deviation 96 % 

V3 
Characterisation of the de-

viation if other processes are 
concerned 

87.5 % 

V4 
Characterisation of the de-

viation if drying is con-
cerned 

87.5 % 

 
 
The state model is validated (1) on a data basis of 
40 test points and (2) on line in the manufacturing 
drying chambers . For the first validation on a data 
basis, the number of compatible answers for each 
level of the decision tree are recapitulated table 2. 
For the on line validations, 2 days of validation 
were achieved with 27 different cases tested and re-

sults were pertinent with a percentage of compatible 
answer of 89 % for the identification of the devia-
tion and the characterisation of the deviation if dry-
ing is concerned and 100% for the two other levels 
of the tree. 

3.1.3 Description and validation of the decision 
help model 
Upon the state of the product evaluated on a linguis-
tic format by the model state, a calculus is achieved 
using a logical table built with the experts. This 
logical table ensures the link between the output of 
the model state and the numerical output of the de-
cision help model using equation 6.   
Like for the state model, validations are achieved 
(1) on a data basis of 40 test points and (2) on line 
in the drying chambers For the first validation on a 
data basis, the number of compatible answers at a 
sensitivity of 1% is 92%. For the on line valida-
tions, 2 days of validation were achieved with 54 
different set points tested and results were pertinent 
with a percentage of compatible answer of 94 % . 

3.2. Example of aeration process 

3.2.1 Extraction of the expertise 
The aim of the present study was to develop a deci-
sion support system in order to help the operator to 
control the aeration of sponge finger batters. The 
development of the system was based on a knowl-
edge extraction and formalization. It is a high level 
supervisory system designed to control the aeration, 
with the ability to integrate instrumental and sen-
sory measurements performed at different stages of 
the entire sponge finger production process. The 
knowledge extracted here was the measurements 
and the rules used by the operators for the feedback 
control of the process. Because no relevant sensor 
are available to measure it, several batter and 
sponge fingers properties are evaluated by the op-
erators, with their own senses, and directly on the 
production line. 
At first, knowledge extraction was carried out with 
each of the four operators involved in the manage-
ment of the process line. Since the plant runs 24 
hours a day, one operator was in charge of the entire 
line for eight hours. This allowed the determination 
of the measurements and the decision rules com-
monly used by all the operators. When several ex-
perts are involved on a production line, a global ex-
pertise can be defined on the basis of a compromise 
between knowledge extracted from the different ex-
perts; but this is rarely totally satisfying (Benkirane, 
1991). As an alternative, a single reference expert 
can be chosen. In this case, the expertise of this ex-
pert must be shared with the other experts. In the 
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present study, only one operator was selected as a 
reference. This operator has been controlling the 
process for 13 years and his skill was acknowleged. 
The knowledge extraction required 55 days in the 
plant.  
The operators generally follow a heuristic resolution 
process to determine the actions suited to correct a 
quality defect. An appropriate corrective action is 
associated with a given situation. These heuristics 
are classically represented using "if-then" type 
rules. To collect these rules, we used scenarios 
based on the product's properties hierarchy : the 
strategy consisted in asking the operator what cor-
rective actions were appropriate when a defect was 
observed for a given property. Then, the considered 
situation was progressively complicated by combin-
ing gradually other properties defects. These latter 
were combined by following the order of impor-
tance of all the properties established during the 
measurements formalization. 

3.2.2. Decision support system 
This decision support system was designed to accu-
rately emulate the control of the process as it is per-
formed by the operator. The system was developed 
using an expert systems shell named CLIPS (C 
Language Integrated Production System, version 
6.2 released in spring 2002) which provides a com-
plete environment for the building of rule and/or 
object based expert systems and reduces the effort 
and cost involved in developing expert system. 
CLIPS provides three different programming para-
digms: rule-based, object-oriented and procedural 
for knowledge representation. We used the rule-
based programming which allows knowledge to be 
represented as heuristics, or "rules of thumb," which 
specify a set of actions to be performed for a given 
situation. The inputs of the system are the 10 sen-
sory measurements and the 4 instrumental meas-
urements used on the production line by the opera-
tors to characterize the batter and the sponge 
fingers. The outputs are the corrective actions suited 
to the current situation. The current setting values of 
the actuators are ignored by the system.  
The system includes three sets of rules: hierarchical 
rules, which deal with the organization into a hier-
archy of the quality defects observed by the opera-
tor; control rules, which determine the suitable cor-
rective actions; interfacing rules which deal with 
data capture and display. 
Control and hierarchical rules sets were directly is-
sued from the knowledge extraction. The control 
rules set is composed of 47 rules split into 14 mod-
ules. A module of rules was built for each of the 
properties set, each module containing 2 to 8 rules. 
Each rule is composed of a premise and a conclu-
sion. The premise contains the values of the differ-

ent relevant properties which describe the current 
situation and the conclusion contains the suitable 
corrective actions. The inference engine was pro-
vided by CLIPS, it determines whether the condi-
tions of activation of a given rule are satisfied or 
not. The functional structure of the system is repre-
sented in Figure 6. 
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Figure 6 : Functional structure of the decision support 
system. 
 

3.2.3. Evaluation of the system 
Two complementary approaches were used to as-
sess how accurately the system could emulate the 
operator in controlling the process: real disturbed 
situations collection (the running of the process was 
monitored 4 times during 8 hours ) and simulated 
disturbed situations: 30 disturbed situations fre-
quently or less frequently encountered were simu-
lated to cover a wide range of cases. For both ap-
proaches, the outputs of the system and the 
corrective actions proposed by an expert operator 
were compared. The corrective actions applied or 
proposed by the operator and the system can differ 
in their total number, the selected actuator(s), their 
directions (increase or decrease) and their magni-
tudes. We considered as matching cases, the situa-
tions where the operator considered that the system 
corrections were able to correct the defect(s). 
Matching was obtained in 21 cases out of the 27 
tested. 

3.2.4. Interface 
Despite the fact that an interface is not the core of a 
support decision system, the key importance of 
user-friendly, colour graphical interface in develop-
ing advanced computer-aided process control sys-
tems cannot be neglected. That’s why, a user-
friendly interface was developed. Since CLIPS 
doesn't provide any graphical tool, the interface was 
developed in C++. In case of quality defect, the 
high rate of the production line (600 kg per hour) 
can lead to heavy losses of product. Thus, a re-
quirement for the system was to quickly give the 
appropriate corrective action when a defect is ob-
served. So, data entry was reduced as much as pos-
sible. The user only has to enter the levels of the 
properties which present a defect, it is done with 
drop-down menus for sensory measurements or edit 
box for instrumental measurements; the other prop-
erties are considered to be at their standard levels. 
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The system’s reasoning is only based on the infor-
mation entered, no question is asked to the user, so 
the duration of a session is minimized and a deci-
sion aid is provided instantaneously. The decision 
aid which consists of a diagnosis and proposition(s) 
of corrective action(s), is presented in a dialog box 
(Edoura-Gaena et al., in press). The interface was 
considered as easy to use and the system was well 
received by the operators. 
Two main difficulties have been encountered in this 
study. First, the operators availability was low and 
uncertain because their task was first and foremost 
devoted to the industrial production. Thus, much 
time was spent to collect expertise (55 days for the 
aeration process study). Second, the real disturbed 
situations encountered on the line were not varied 
enough and, from a statistical point of view, they 
were not numerous enough to validate a system. In-
deed, in an industrial production context, the aim of 
the control of the process is precisely to avoid varia-
tions of production conditions.  

4 CONCLUSION 

The reason for developing a decision support sys-
tem was at first, to improve the control of the proc-
ess. But additional interests arise during the devel-
opment of the approach, both for managerial staff 
and operators. For managerial staff, the interests 
were : 
 sharing the knowledge between different opera-

tors and standardizing practices between several 
operators who take turns to control the line; 

 transmitting the knowledge and training new op-
erators; 

 perpetuating knowledge which is a huge issue 
for the firm; 

 traceability of the measurements for use in qual-
ity insurance. 

For operators, the interests were : 
 an improved image of their role as experts; 
 facilitating of their tasks, the decision support 

system being viewed not as a competitor but as 
an help which can provide history on the opera-
tors actions and reinforce their actions. 

To conclude, our team has capitalized a savoir faire 
in the use of the operator-expert judgement in the 
food industry. Nevertheless questions keep raised 
especially on the genericity of such approaches and 
on a more cognitive dimension, the evaluation of 
the quality of the answers proposed by the operator-
experts. 
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1 INTRODUCTION 
Customers require products with characteristics that 
satisfy their needs and expectations. In the food in-
dustry, the requirements for products typically in-
clude various components: it implies in particular 
safety, sensory and nutritional properties. Sensory 
characteristics of food products are essential for 
consumers and it is a challenge for firms to provide 
products with desired sensory properties and to 
maintain these characteristics constant, with as few 
variations in quality as possible. 

Optimisation and control strategies must be de-
veloped to cope with these aims. Both rely on prod-
uct measurements that must be pertinent and reli-
able. However, in the food industry, information 
captions are affected by the scarcity of suitable on-
line sensors. This scarcity is closely related to the 
variability of the raw material, to the complexity of 
the biological phenomena during processing and to 
the severe constraints sensors must respect, such as 
cleaning and high humidity. As a consequence, 
some food product properties are very difficult to 
quantify during food manufacture. Various direc-
tions have been explored to overcome this problem: 
sensor design and adaptation, off-line measure-

ments, software sensors (Trystram and Courtois, 
1998). Moreover, human at-line evaluation is 
widely accepted as a tool for the evaluation of the 
quality of food products: experts play a major role 
in process control, since they take into account not 
only information from sensors but also that from 
their own senses (Trystram et al., 1994). Therefore 
human perceptions are often used in complex proc-
esses where no reliable instrumental sensor is avail-
able (Eerikäinen et al., 1993) such as in the dough 
mixing process (Wide, 1999), the baking of cookies 
(Perrot et al., 2000), the dry sausage ripening (Curt 
et al., 2002). Experts take part in the evaluation of 
various properties of the product during its manu-
facture and, on the basis of this information, react 
on the process so as to guarantee that product proc-
essing proceeds correctly. That is why process con-
trol usually relies more or less on the expert's 
knowledge. Experts play a main role in food quality 
measurement and process control; nevertheless, 
their knowledge and skill are seldom formalised.  

The aim of this paper is to describe a method 
that fits with the formalisation of human measure-
ments made at line and to use it as input in decision-
making algorithms to control or optimise a food 

 
ABSTRACT: In the food industry, information captions are affected by the scarcity of suitable on-line sen-
sors especially with respect to controlling sensory properties. Therefore it is often necessary to rely on hu-
man evaluations made close to the line, in order to assess quality characteristics of food products during their 
manufacture. This paper presents a method to collect and formalise the know-how of skilled operators con-
cerning these evaluations. The classical descriptive sensory method has to be adapted to the at-line measure-
ment constraints. These specificities led us to develop the concept of sensory indicator and establish a new 
formalisation grid. This grid is composed of seven elements: name, definition, operating conditions, scale, 
references as scale anchors, a spatial characteristic that takes into account the spatial variability of products, 
and a temporal characteristic that takes into account changes of the product through time. The method is il-
lustrated by industrial applications. The results have shown that it is possible to formalise and transmit 
knowledge concerning at-line human evaluations of products and use them as input variables in process con-
trol models. 
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processing. The classical sensory method performed 
at laboratory, well developed in the food industry 
and described in various standards has been adapted 
to the line constraints: at-line measurements must be 
rapid since they are used in control loops, they are 
usually carried out by only one or two experts, they 
rely on expert self-training and self-checking…This 
research has led to develop the concept of “sensory 
indicator” (Curt et al., 2001). We present two appli-
cations: the dry sausage ripening and the chopping 
step during the manufacture of meat emulsion. 

2 MAIN STAGES OF THE SENSORY 
INDICATORS METHOD 

The method relies on two stages (cf. Figure 1): 
− a collection and formalization stage that allows a 

formal description of sensory indicators, 
− a transmission stage: the description grid ob-

tained is used as a tool to train new operators to 
use sensory indicators. It enables on the one 
hand, handing down knowledge concerning sen-
sory measurements carried out at-line and, on the 
other hand, stabilizing the process. Process con-
trol can be performed not only by experts but 
also by trained operators. At the end of training, 
they can be considered as “measuring instru-
ments” (AFNOR, 1994). 
 

 
Figure 1. Main stages of the sensory indicators method 
 

The two following parts describe these two main 
stages: formalization and transmission. 

3 COLLECTION AND FORMALIZATION OF 
KNOWLEDGE 

3.1 Method 

In order to collect the knowledge concerning the at-
line evaluations and the decision making process, 
we adapted the M3A method (Method for the 
Autonomous Analysis of Activities) (Poitou, 1995). 

It is based on the “observer-trainee” technique and 
aims at transmitting knowledge from a trained prac-
titioner who has carried out this task for many 
years, the expert, to an observer-trainee, i.e. from 
the person in charge of the measurement to the per-
son in charge of the data collection. 

The method is composed of several steps:  
− during the explanation stage, the practitioner car-

ries out the task to be formalised and gives the 
trainee the useful information; 

− the next stage is called the understanding phase: 
the trainee records the actions made by the ex-
pert and formalises the knowledge necessary to 
carry out the task until he/she can do the job 
himself/herself. These two first phases are based 
on observations and interviews with the expert; 

− a validation stage is performed once the two first 
phases were performed. The opinion of the ex-
pert concerning the performance of the trainee is 
collected. If the expert assesses that the job is 
correctly done by the trainee, i.e. if the method 
of measurement is properly formalized, then the 
validation is successful. If not, return to the be-
ginning of the loop is planned (cf. Figure 1). 

3.2 Structuring of knowledge: development of a 
formal description of sensory indicators 

The formalization of the sensory evaluations carried 
out by experts at-line has led to the sensory indica-
tors concept.  Collection and formalization stage

Validation

Transmission stage

ValidationNo

No Formal description 
of sensory indicators

Training of operators to
the use of sensory indicators

Yes

Yes

Collection and formalization stage

ValidationValidation

Transmission stage

ValidationValidationNo

No Formal description 
of sensory indicators

Training of operators to
the use of sensory indicators

Yes

Yes

The first stage consists in identifying all the 
measurements carried out at-line by operators. Ta-
ble 1 gives examples of sensory indicators used by 
operators during the ripening of dry sausage and the 
emulsification of meat batter. Two kinds of sensory 
indicators can be distinguished: “progress indica-
tors” and “defect indicators”. The sensory indicators 
used here are based on two senses, namely vision 
and touch, but smell and taste, for example, can also 
be envisaged.  

 
Table 1. Examples of sensory indicators 
Processes Sensory indicators Senses 
Dry sausage 
Ripening 

Humidity 
Color 
Surface flora de-
velopment 
Sticky defect 

Texture 
Visual 
Visual 
Texture 

Meat emulsifi-
cation 

Fat Particle Size 
Size homogeneity 
Firmness 
Adhesiveness 

Visual 
Visual 
Texture 
Texture 

 
Once the sensory indicators are identified, a 

formal description has been proposed. It supplies 
the information necessary to use the sensory indica-
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tors correctly: this grid is composed of seven ele-
ments. Five come from the classical descriptive sen-
sory method: name, definition, operating condi-
tions, scale and references as anchorage points on 
the scale for the sensory descriptors (Hossenlopp, 
1995). Two new elements focusing on product vari-
ability during processing have been introduced:  
− a spatial characteristic that takes into account the 

inherent spatial variability of products: it is very 
important to first establish how many products 
must be sampled and, secondly, where they have 
to be sampled; 

−  a temporal characteristic that takes into account 
changes of the product through time and define 
when products must sampled.  
These two elements are essential in the case of 

evaluations made during the manufacture. Tables 2 
and 3 present examples of the grid applied to 2 sen-
sory indicators.  

 
Table 2. Surface humidity indicator formal description 
(dry sausage fermentation) 
Sensory indicator Surface humidity 
Definition Amount of residual moisture 

at the surface of the casing 
Operating conditions Take the product in one hand.

Slide the thumb down the 
surface of the casing. 
Repeat the measurement 
twice. 
Assess the surface humidity 
by sliding ease 

Scale with anchorages Line scale with three marks 
Reference 1: “wet” 
Reference 2: “moist” 
Reference 3: “dry” 

Location of measurement Products are sampled at the 
points A, B, C and D in the 
fermentation chamber 

Time of measurement From the beginning to the 
end of the fermentation stage 

 
Table 3. Size homogeneity indicator formal description 
(meat chopping) 

Sensory indicator Size homogeneity  
Definition Distribution of particle size in 

the batter 
Operating conditions Insert the spatula into the bat-

ter 
Lift the batter at three differ-
ent places 
Assess the distribution of par-
ticle size in the batter 
Repeat the measurement three 
times 

Scale with anchorages Line scale with 4 marks 
0: large (>10 mm) 
3: medium (= 5 mm) 
4: tight  

Location of measurement Samples taken at the periph-
ery and at the center of the 
vat 

Time of measurement At the end of the chopping 
Four particularities are discussed in the follow-

ing paragraphs. 
The at-line measurements are performed directly 

in the production unit: the conditions of temperature 
or lighting, for example, are not always optimal in 
comparison to what is proposed by classical sensory 
evaluation. However, the most important point is 
that these conditions must always be the same. For 
instance, the evaluation of color must be always 
done at the same location in the production unit, i.e. 
with the same lighting. Moreover, the expert is used 
to assess the properties of the products under these 
conditions: the performing of the measurement un-
der other conditions is likely to change his/her ref-
erences. 

Various choices are possible concerning meas-
urement scales (Hossenlopp, 1995). The use of line 
scales and category scales seems to be judicious 
choice. We decided to keep these kinds of evalua-
tion well-adapted to the measurements made close 
to the line. In the case of color, which is a multidi-
mensional variable, the measurement is carried out 
by matching. The number of categories or marks 
necessary in order to perfectly cover the progression 
domain of each sensory indicator is an important 
point to define measurement scales. To determine 
how many categories or marks are needed we rely 
on the knowledge of the expert, who possesses a 
mental picture of the ideal changes of each sensory 
indicator. Concerning the references, we consider 
that in the case of at-line human measurements, the 
best kind of reference is a product reference. It is 
better to extract information from the complex 
stimulus the operator is exposed to. Furthermore the 
operator can assimilate all the references for a sin-
gle unique product. 

The use of indicators is modulated during the 
process: sensory indicators are strongly linked with 
the biological, physical and chemical changes that 

146



occur in the product during the process. For exam-
ple, the color indicator has no meaning at the begin-
ning of the dry sausage fermentation stage because 
the casing is opaque and the batter is not visible. 
Operators choose measurements according to the 
characteristics of intermediary products. As a result, 
the number of indicators changes as the process 
progresses. Operators do not make use of all the 
sensory indicators at a given time. Table 4 shows 
the use of sensory indicators during the dry sausage 
fermentation. This operation lasts 72 h in the fac-
tory studied. 

The time of measurement also allows establish-
ing the frequency of the measurement. 
 
Table 4. Use of sensory indicators during the dry sausage 
fermentation stage 

Times of measurement Sensory in-
dicators 12 h  24 h 36 h 48 h 60 h 72 h 
Surface 
Humidity 
(SHI) 

      

Color (CI)       
Surface 
Flora De-
velopment 
(SFI) 

      

Sticky de-
fect (SDI) 

      

3.4 Validation 

To validate the formal description of the sensory in-
dicators, the opinion of the expert concerning the 
performance of the trainee is collected. If the expert 
assesses that the job is correctly done by the trainee, 
i.e. if the method of measurement is properly for-
malized, then the validation is successful. If not, re-
turn to the beginning of the loop is planned.  

4 DEVELOPMENT OF A TRANSMISSION 
METHOD FOR AT-LINE SENSORY 
EVALUATIONS 

4.1 Introduction 

The formal description of a type of knowledge is ef-
fective only if it is performed in order to facilitate 
the access and reuse of this knowledge. The capi-
talization of knowledge constitutes a static element 
and is insufficient. It is necessary to develop a dy-
namic element by transmitting this knowledge 
(Pomian, 1996). The transmission of knowledge 
aims at changing individual knowledge into a col-
lective knowledge. The handing down of experience 

has existed for a long time: apprenticeship and guild 
systems were well-known and sophisticated as early 
as the Middle Ages and are still in existence 
(Pomian, 1996). However, this passing on of ex-
perience can be facilitated or improved by the use 
of a method that underlines the main elements: in 
our case, the formal description of sensory meas-
urements carried out at-line enables guiding the 
training of an operator. The final objective consists 
in calibrating an operator who can be considered as 
a measuring instrument, the reference scale being 
the expert. At the end of his or her training, the op-
erator will be able to stand in for the expert or to re-
place them. 

We proposed a transmission method concerning 
at-line sensory evaluations. The use of sensory indi-
cators has been passed on to a plant operator in the 
case of the dry sausage factory: the objective is to 
train a new operator to replace the expert. 

4.2 Main elements of the transmission method 

No standard procedure exists for training in the case 
of sensory measurement in laboratory (Issanchou 
and Lesschaeve, 1993). Such procedure varies ac-
cording to product, the kind of test and the progress 
of the group or the panelist. This is the same in the 
case of at-line measurements. Nevertheless, it is 
possible to rely on the hypothesis of the MCM 
(Measurement Control Measurement) method pro-
posed by Hossenlopp (Hossenlopp, 1995): 
− the best training is carried out on the product un-

der the conditions of the future measurement, 
− training is an individual task, 
− the comparison of individual results with the re-

sults of the group is stimulating and permits the 
best adjustment between panelists; the group 
here is composed of an expert and a trainee op-
erator. 
The plant operator training is characterized by 

the following elements: 
− the training is performed close to the line; 
− the duration of sessions must be short: the opera-

tor usually interrupts his/her task to attend the 
training. This constraint is offset by the fact the 
operator knows the process, the product and its 
changes; 

− there is no sample preparation, except sample 
coding;  

− few operators are trained during a given session; 
− a leader is present throughout every stage of the 

transmission: he/she organizes the sessions, 
processes data and maintains the motivation of 
operators; 

− the area of progression of each sensory indicator 
must be covered: the trainee must learn the vari-
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ous references that had been determined in the 
formal description of at-line measurement. 

4.2.1 Main stages of the transmission method 
The transmission method comprises four main 
stages presented on Figure 2: 
− determination of the expert’s performances; 
− training sessions; 
− gauging sessions; 
− checkup sessions: control of the trainee opera-

tor’s performances (repeatability, reproducibility 
and discriminative ability). These sessions allow 
monitoring of the metrological characteristics of 
operators through time. 

 
Figure 2. Main stages of the sensory indicator transmis-
sion phase 

4.2.2 Determination of the Performances of the 
Expert 

Samples supposed different are tested twice by the 
practitioner. The expert knows that he/she will have 
to evaluate the products twice. Repeatability and 
discrimination ability are determined. They are de-
fined as (AFNOR, 1994): 
− the repeatability : « closeness of the agreement 

between the results of successive measurements 
of the same measurand carried out under the 
same conditions of measurement”, 

− the resolution: “the smallest difference between 
indications of a displaying device that can be 
meaningfully distinguished” (AFNOR, 1994). 
This characteristic is assessed by the discrimina-
tion ability of the operators.  

4.2.3 Training Sessions 
Before performing any measurement, the trainee 
operator must familiarize him/herself with the vari-
ous sensory indicators used by the expert: name, 
definition, operating conditions, references, etc. 
During these sessions, the expert and the trainee op-
erator simultaneously carry out the assessment un-
der the conditions of the future measurement, for 
example, directly in the ripening chamber. 

4.2.4 Gauging Sessions 
This stage aims at gauging the trainee operator, who 
must give a mark close to the mark assessed by the 
expert. The objective is to make the subjects inter-
changeable. A gauging session comprises three 
stages: 
− firstly, the trainee operator and the expert carry 

out individual assessments on several samples 
under normal measurement conditions. During 
this session, they are not allowed to communi-
cate, 
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− secondly, the marks given by the two subjects 
are compared: a discussion between the trainee 
and the expert, managed by the leader permits 
the trainee to set his/her marks in relation to the 
corresponding values of the expert, 

− finally, reproducibility defined as (AFNOR, 
1994) “the closeness of the agreement between 
the results of measurements of the same meas-
urand carried out under changed conditions of 
measurements” and discriminative ability are as-
sessed. 
At the beginning of a session, the results of the 

previous session are presented and commented on. 
The leader underlines progresses and results to im-
prove. 

4.2.5 Checkup Sessions 
The checkup sessions aim at verifying the metro-
logical characteristics of operators through time: re-
peatability, discrimination ability and reproducibil-
ity. The sampling procedure is the same as in the 
case of the determination of the performances of the 
expert. If one of these characteristics is unsuitable, a 
new training stage is carried out (cf. Figure 2). 

4.2.6 Data Processing 
The repeatability and the discrimination ability are 
assessed using a two-way ANOVA (Analysis of 
Variance) (repetition x sample): the F-ratio associ-
ated with repeatability is called F(R) and the F-ratio 
associated with sample is called F(S). The repeat-
ability and sample effects are treated as fixed ef-
fects. This processing iscarried out for each sensory 
indicator. It gives an indication whether the subject 
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is able to differentiate the samples and whether the 
measurements of the operators are repeatable. 

The reproducibility is assessed using a two-way 
ANOVA (operator x sample), interaction (operator 
x sample) is taken into account. The F-ratio associ-
ated with operators is called F(O), the F-ratio asso-
ciated with Interaction is called F(I). The model is 
mixed: the operator effect is used as the fixed effect 
and the sample effect is used as the random effect.  

The data are processed by only considering the 
type 1 risk called α which is the probability of re-
jecting H0 (“the measurements of the two subjects 
do not differ”). The second type of risk called β 
which is the probability of not rejecting H0 when in 
fact this hypothesis is false has not been considered. 
At present, type 2 risk tables can be computed for 
discrimination tests (Schlich 1993) and in the end, β 
will be integrated in scoring tests (Sauvageot 2000). 

4.3 Application of the Transmission Method for 
Plant Operator to the Dry Sausage 
Fermentation Stage 

This Section will present the results obtained in the 
case of the fermentation stage. This stage is usually 
considered as a “critical control point” concerning 
final product sensory properties. This operation is 
still dependant on the know-how of only one con-
firmed operator or expert who knows the interac-
tions between process and product. Moreover he 
only uses perceptive evaluations to pilot the opera-
tion. The trainee operator must learn to assess the 
characteristics of the product to correctly stand in 
for the expert. He was chosen by the company man-
ager. 

4.3.1 Determination of the Performances of the 
Expert 

Seven samples supposed different of three types of 
products are tested twice by the expert. The three 
types of product are characterized by the moment 
when they are sampled during the fermentation 
stage: 12h (A), 36h (B), 72 h (C). The second repe-
tition is carried out an hour after the end of the first 
one.  

The data processing consists in a two-way 
ANOVA (repetition x sample). Table 5 shows the 
F-values and the associated probabilities for the 
three sensory indicators SHI, CI and SFI. It can be 
seen that no significantly different scores are ob-
tained between replicates: the probabilities associ-
ated to F(R) are higher than 0.05 whatever the 
product. In comparison, the probabilities associated 
to F(S) are less than 0.05 indicating suitable dis-
crimination. 

 
Table 5. F-values and probability from two-way 
ANOVA (repetition x sample) 

Repetition effect Sample effect Sensory 
indicators F(1,6) p F(6,6) p 
SHI-A 5.62 0.055 35.91 0.000 
SHI-B 0.16 0.979 36.16 0.001 
SHI-C 1.38 0.284 13.90 0.000 
CI-A 5.85 0.051 68.89 0.000 
CI-B 4.58 0.076 21.29 0.000 
CI-C 1.65 0.246 5.37 0.030 
SFI-C 4.38 0.081 85.14 0.000 
SHI-X: Surface Humidity Indicator for Product X – CI-
X: Color Indicator – SFI: Surface Flora Indicator 
X: A (products sampled 12 h after the beginning of the 
fermentation), B, (products sampled 36 h after the begin-
ning of the fermentation), C (products sampled at the end 
of the fermentation). 

4.3.2 Gauging Sessions 
Fourteen samples supposed different of the three 
types of products presented above are tested once 
by the expert and by the trainee operator.  

The data processing consists in a two-way 
ANOVA (operator x sample). Tables 6, 7 and 8 pre-
sent the F-values and the associated probabilities for 
the three sensory indicators SHI, CI and SFI. Re-
sults are given in a chronological way. Concerning 
SHI and CI, the operator effect is always higher 
than the sample effect at the beginning of the train-
ing (F(O)>F(S)). This indicates on the one hand, a 
bad agreement between the expert and the trainee 
and on the other hand, an unsuitable discrimination 
between products. This phenomenon is inverted as 
the number of sessions increases. The trainee needs 
four sessions to correctly assess SHI. Conversely, 
he needs more sessions to correctly assess CI. SFI 
results exhibit that no significantly different scores 
are obtained between the two operators: the prob-
abilities associated to F(O) are higher than 0.05. In 
comparison, the probabilities associated to F(S) are 
less than 0.05 indicating suitable discrimination. 

 
Table 6. F-values and probability from two-way 
ANOVA (operator x sample) - Humidity indicator 

Operator effect Sample effect Session Types of 
product F(1,13) p F(13,13) p 

1 B 3.95 0.068 2.51 0.055 
2 B 0.38 0.548 4.28 0.002 
3 A 19.48 0.000 2.25 0.065 
4 A 0.80 0.388 13.36 0.000 
5 C 1.01 0.334 2.85 0.035 
6 A 2.27 0.154 8.87 0.000 
7 B 5.85 0.051 14.56 0.000 
8 C 0.03 0.864 13.72 0.000 
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Table 7. F-values and probability from two-way 
ANOVA (operator x sample) - Color indicator 

Operator effect Sample effect Ses-
sion 

Types of 
product F(1,13) p F(13,13

) 
p 

1 B 19.48 0.000 2.25 0.065 
2 B 19.90 0.000 3.83 0.013 
3 A 4.68 0.048 3.96 0.007 
4 A 1.38 0.261 7.11 0.000 
5 B 3.43 0.112 3.45 0.039 
6 C 19.90 0.000 3.83 0.013 
7 A 0.83 0.377 12.25 0.000 
8 B 10.3 0.000 23.48 0.000 
9 C 2.01 0.179 9.38 0.000 
 
Table 8. F-values and probability from two-way 
ANOVA (operator x sample)- Surface Flora Develop-
ment indicator 

Operator effect Sample effect Session Types of 
product F(1,13) p F(13,13) p 

1 C 2.08 0.192 8.02 0.006 
2 C 4.60 0.051 12.48 0.000 

4.3.3 Check-up Sessions 
Seven samples supposed different of the three types 
of products presented above are tested twice by the 
expert and by the trainee operator. These sessions 
aim at determining the metrological characteristics 
of the trainee operator: repeatability, discrimination 
ability and reproducibility to verify if his perform-
ances remain stable during time. 

Table 9 presents the F-value associated with re-
peatability F(R), the F-value associated with sample 
F(S) and the associated probabilities for the three 
sensory indicators SHI, CI and SFI: 
− the trainee operator is repeatable except for the 

color indicator whatever the product A, B or C. 
Note that the operator already presented difficul-
ties to assess this indicator during the training, 

− the discrimination ability is suitable except for 
three sensory indicators: SHI-A, SHI-C and CI-
B. 
 

Table 9. F-values and probability from two-way 
ANOVA (repetition x sample) 

Repetition effect Sample effect Sensory 
indica-
tors 

F(1,6) p F(6,6) p 

SHI-A 0.68  0.441 2.91 0.109 
SHI-B 0.21  0.096 24.84 0.002 
SHI-C 4.23  0.085 2.05 0.201 
CI-A 16.54 0.006 9.06 0.008 
CI-B 6.69 0.041 3.23 0.089 
CI-C 21.15 0.003 37.68 0.000 
SFI-C 0.58  0.473 15.66 0.002 
SHI-X: Surface Humidity Indicator for Product X – CI-
X: Color Indicator – SFI: Surface Flora Indicator  
X: A (products sampled 12 h after the beginning of the 
fermentation), B, (products sampled 36 h after the begin-

ning of the fermentation), C (products sampled at the end 
of the fermentation). 

Table 10 presents the F-value associated with 
sample F(S), the F-value associated with operators 
F(O), the F-value associated with Interaction F(I) 
with repeatability F(R) and the associated probabili-
ties for the three sensory indicators SHI, CI and 
SFI:  
− significant differences between products are ob-

tained except for CI-A, 
− no significant difference scores are obtained be-

tween the trainee and the expert except for SHI-
B and CI-C, 

− no significant interaction (operator x product) 
has been found except for SHI-A and SHI-C. 
 

Table 10. F-values and probability from two-way 
ANOVA with interaction (operator x sample) 

Product ef-
fect 

Operator ef-
fect 

Interaction 
effect 

Sensory 
indicators 

F(6,1
4) 

p F(1,6
) 

p  F(6,1
4) 

p 

SHI-A 23.04 0.000 0.06 0.815 10.56 0.000
SHI-B 5.35 0.004 13.79 0.009 0.24 0.953
SHI-C 4.50 0.009 5.50 0.057 3.00 0.042
CI-A 0.37 0.884 1.37 0.286 0.77 0.608
CI-B 38.83 0.000 4.46 0.053 0.58 0.737
CI-C 8.53 0.000 32.32 0.001 2.18 0.107
SFI-C 19.70 0.000 0.06 0.817 2.79 0.053
SHI-X: Surface Humidity Indicator for Product X – CI-
X: Color Indicator – SFI: Surface Flora Indicator. 
X: A (products sampled 12 h after the beginning of the 
fermentation), B, (products sampled 36 h after the begin-
ning of the fermentation), C (products sampled at the end 
of the fermentation). 

 
These results disagree with the results obtained 

at the end of the training sessions: the trainee opera-
tor was shown as repeatable, discriminative and the 
results showed good agreement between the trainee 
and the expert. We put forward the following:  
− one of the conditions for success is probably the 

duration of training as in a classical panel: only 
nine training sessions took place to characterize 
three sensory indicators on three kinds of prod-
uct. Moreover, the trainee did not know how to 
use measurement scales before the beginning of 
his training, 

− the interval between the last training session and 
the checkup was too long, 

− the trainee’s concentration must be taken into 
account: as training and checkup sessions took 
place in the factory, he could have been dis-
turbed by problems occurring on the line such as 
a machine fault. 
These findings show that it is important to peri-

odically carry out the checkup sessions to detect re-
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ductions of operators performance and, if need be, 
to perform new training sessions.  

5 USE OF SENSORY INDICATORS 

Sensory indicators can be used to monitor changes 
of the product during the manufacture. Three fer-
mentation batches were studied: the evaluations car-
ried out by the expert were monitored for the five 
measurement times. Figure 3 shows the changes for 
three sensory indicators SHI, EHI and CI and the 
expected trajectory was also represented. No defect 
was detected during these batches. The expected 
trajectory corresponds to the ideal trajectory in 
terms of sensory properties during the fermentation 
stage. 

 

Figure3. Expected and real values for three sensory indi-
cators – SHI: Surface Humidity Indicator – EHI: Extrem-
ity Humidity Indicator – CI: Colour Indicator 
 

It can be seen on Figure 3 that the three batches 
were assessed as different by the expert: abnormal 
cases were detected for several indicators and at dif-
ferent periods. The values for Batch 2 can be con-
sidered as very close to the expected values: the 
curve for Batch 2 is quite always superposed to the 
expected trajectory. On the contrary, the values for 
Batch 1 are quite different from the expected val-
ues: this can be explained by the use of natural cas-
ings. In spite of processing, fat can remain under the 
casing and can hinder water evaporation. The cas-
ings used for Batch 1 were considered as “fatty” by 
the operator.  

The operator uses these sensory indicators as 
symptoms to assess the changes of the product: the 
objective of the operator is to obtain a product as 
close as possible to that desired and to keep as near 
as possible to the ideal trajectory. In the case of cor-
rect progression, the expert does not modify the 
process parameters; conversely, if the product does 
not change correctly, actions are taken on the proc-
ess parameter set-point value. In general the actions 
taken on the process parameters at a given time dur-
ing the succeeding period were sufficient to permit 
the product to reach the expected target. However, 
in the case of Batch 1, the product obtained at the 
end of fermentation did not correspond with the tar-
geted product. The operator recognised that the ac-
tion he took on the process for the last period was 
not drastic enough. This situation can be encoun-
tered when the operator is, for example, under stress 
or when he/she hesitates in his/her actions. In order 
to cope with these situations, controllers have been 
developed where the sensory indicators are used as 
input variables; output variables are new process 
parameter set-point values. Fuzzy logic has been in-
troduced in this controller in order to cope with un-
certainty. These process control systems are able to 
ensure the consistency of quality of food products: 
methods and results are shown in another workshop 
paper “A methodological guideline for the expert-
operator knowledge management in the food indus-
try” (Perrot et al., 2005). 
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6 CONCLUSION AND PERSPECTIVES 

Our studies led us to conclude that is possible to 
collect and formalise the know-how concerning 
both the evaluations carried out by experts or opera-
tors and the diagnosis and control of the sensory 
properties. The sensory indicator concept has been 
applied to various food products: dry sausage (Curt 
et al., 2002), meat emulsions (Curt et al., 2004), 
cheese (Perrot et al., 2004), milk products (Ioannou 
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et al., 2004), sponge biscuits (Edoura-Gaena et al., 
in press).The advantages of this method are: 
− a direct acknowledgement of the role of opera-

tors which could motivate them; 
− an easier handing down of knowledge thanks to 

formalisation: the loss of know-how is often 
mentioned in studies that deal with knowledge 
management (Euzenat, 1996); 

− a supply in the quality assurance system: trace-
ability of the measurements done on the product 
during its transformation is possible; 

− a low cost. 
A new challenge is facing us: to apply these 

methods to civil works and most particularly to 
French embankment, concrete or masonry dams. 
This research is motivated by the similarities be-
tween food engineering and civil engineering: com-
plexity of the phenomena occurring during the food 
processing or the aging of these civil works, coexis-
tence of instrumental and sensory measurements 
and above all, the importance of the expert judge-
ment in these two cases. It is estimated that visual 
inspections allow the detection of 90 % of deficien-
cies (Peyras et al., in press) on dams and neverthe-
less, the knowledge and skill possessed by experts 
are seldom formalised.  
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ABSTRACT: The Internet and World Wide Web have brought us into a world of endless possibilities. 
It could appear as a genuine benefit but this world also is one of endless choice: how can we select 
from a huge universe of items of widely varying quality? How can we take into account many 
evaluation criteria to soundly evaluate all these potentials choices? We need expert advices. 
Recommender Systems (RS) have emerged to address this issue: they’re based on the customers’ 
critics and their authentic experiences upon the competing items. The purpose of RS is thus providing 
recommendations from people who are familiar with the choices we face: they can be considered as 
experts from this point of view. The example we deal with in this paper is the choice of an e-business 
site (e-retailer) when making purchases on the web.  
On the basis of the gathered expert critics, this paper explains how to design multi criteria evaluation 
aids and traceability functions for legitimate choices and logical argumentation. The evaluation of 
each competing e-retailer results from a multi criteria assessment by the collected experts’ critics. A 
Choquet integral based aggregation is used to consider interactions between criteria in the overall user 
rating. The argumentation principle underlying this approach is based naturally on coupling the base 
of expert critics in natural language and an information fusion system. The reliability of the ranking 
introduces the notion of decisional risk. All these proposals are extended in the case of imprecise or 
uncertain evaluations by experts. 

1   INTRODUCTION 
The new millennium is an age of information 
abundance. The 1990s have been an explosion 
of information technologies, and thus of choices 
a person faces. People may choose from dozens 
to hundreds of television channels, thousands of 
video, million of books, etc. Nevertheless, 
individuals cannot hope to evaluate all available 
choices by themselves unless the topic of 
interest is severely constrained. When people 
have to make a choice without any personal 
knowledge of the alternatives, a natural course 
of action is to rely on the experience and 
opinions of others. We seek recommendations 
from people who are familiar with the choices 
we face, who have been helpful in the past, 
whose perspective we value, or who are 
recognized experts [Terveen et al., 2001].  

Today increasing numbers of people are turning 
to computational Recommender Systems (RS) 
[Akharraz et al., 2004]. Emerging in response to 
the technological possibilities and human needs 

created by the World Wide Web, these systems 
aim to mediate, support, or automate the 
everyday process of sharing recommendations 
[Terveen et al., 2001]. 

Recommender systems are systems that collect 
and reason with user preferences on many 
criteria. In general, these systems have been 
developed with attempts to model user 
preferences in order to produce a useful 
personalized recommendation system based on 
social or collaborative filtering techniques 
[Mukherjee et al., 2001][Herlocker et al., 2000]. 
Several techniques are used to design such 
systems. The most widespread of them is the 
“Collaborative Filtering” (CF) [Breese et al., 
1998; Herlocker et al., 1999]. The CF deals with 
the users’ preferences w.r.t. the selection of 
given items (books, movies, etc.). It enables to 
achieve clusters of users who have expressed 
similar tastes. The RS can then propose to a user 
all the items his neighbourhood has previously 
appreciated and selected. The second type of RS 
is based upon Content-Based Filtering 
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techniques (CBF). Applications mostly concerns 
the selection of documents [Lang, 
1995][Pazzani et al., 1996]. The CBF proposes 
to the user semantically neighbouring 
documents.  

Here, we consider a new type of recommender 
system. The principles are illustrated through the 
recommendation of a e-retailer issue. It’s based 
upon the gathering and use of the critics of the 
e-retailers’ customers. These critics express 
more or less positive/negative experience 
feedbacks about the e-retailer characteristics. 
Because these characteristics are related to 
multiple dimensions, the experts’ 
recommendations are very often related to many 
evaluation criteria. We pay a particular attention 
in our approach to consider interactions between 
criteria and to identify which criteria are the 
most relevant in the evaluation in order to 
provide choices justification and traceability 
functions in the RS.  The second point we focus 
on is providing elements about the risk of 
making a choice rather than another one w.r.t. a 
given set of recommendations. The issue can 
thus be formulated as modeling the multi criteria 
evaluation by experts, emphasizing the logical 
argumentation behind the evaluation process and 
monitoring the reliability of the ranking of 
alternatives. The last point of our study concerns 
the extension of the preceding principles when 
impreciseness and/or uncertainty in expert’s 
judgments values are considered.  

2   A DECISION-MAKING PROCESS BASED 
UPON EXPERIENCE 
We consider in this study the case of ciao.com 
(http://www.ciao.fr), which is one of Europe’s 
leading shopping comparison portals turned 
towards the consumers. 

Table 1: Example of e-retailers evaluations 
E-retailers Overall user rating 

Amazon.com 575 evaluations 

Nomatica.com 115 evaluations 

Dell.com 46 evaluations 

It represents a platform of exchanges where 
customers’ critics are gathered and used to 
evaluate a set of e-retailers w.r.t. several criteria 
such as range of services/products, products and 
services pricing, purchase tracking function, etc 
(see Table and Figure 1). In this scheme, the 
customers are considered as experts because 

they know the assessed e-retailer from 
experience. New customers benefit from their 
experience feedback for their purchases. 

 
Figure 1: amazon.com overall user rating 

Thus, the actors involved in this 3-partite 
Decision Making-Processs (DMP) are ciao.com, 
the different e-business partners and the 
customers. Each of them has his own interests 
and needs in this DMP: 

- Ciao.com constitutes a network of experts in e-
purchasing to mediate the process of sharing 
recommendations. It aims to be the most 
comprehensive source of shopping intelligence 
on the web to keep users and e-retailer partners 
loyalty by providing economic intelligence, 
surveys and experience feedback.  
- The e-retailers’ goal is to enhance their 
performances: they thus use the evaluations, 
critics and rankings provided by Ciao.com as 
performance indicators to improve their business 
capacities;  
- The customers require reliable and argued 
pieces of information by experimented e-
purchasers when they are making purchase 
decisions.  
Meeting these different actor’s requests requires 
integrating advanced functionalities into the 
reviewer website such as: multi criteria 
evaluation tools, ranking and comparison of the 
e-business sites functionalities, justification 
functionalities and decisional risk assessment. 
Currently, the customer associates a partial score 
w.r.t. a pre-defined set of criteria. An arithmetic 
mean is then performed to globally evaluate an 
e-business site at the level of each customer (ex : 
http://www.ciao.co.uk/amazon_co_uk__76815?
TabId=2). Finally, an arithmetic mean upon the 
overall scores of all the customers (expressed in 
terms of stars in the case of ciao.com) is used to 
evaluate the average e-business global score. 
More generally, the global score of e-retailers 
results from the aggregation of the average 
partial scores w.r.t. each evaluation criterion; 
these average partial scores are themselves the 
aggregated results of all the elementary partial 
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scores delivered by the expert critics related to 
this criterion. We’re going to explicit the 
aggregation step and enlighten what 
explanations and decisional risk assessments 

recise determinist case—let us suppose 

e, i.e. the rhetorical 

piece of 
information to perform the decision. 

QUET 

unctionalities and risk definition 
and control. 

f the solution sk according to all 

gral of x = (x1, x2, …, xn) 
w.r.t. µ is defined  by: 

C (x , …, x ) = n (x  - x ) µ(A )        (1) 

 that: 
 ≤ x(n) ≤ 1,  

nd A(i) = {c(i), …, c(n)}. 

 expressed in the interpretable form 
as follows: 

mean in our RS. 

In the first part of this paper (sections 3 and 4)—
the p
that: 
- A precise score can be related to each expert 
critic. This score is consistent with the related 
critic in natural languag
element the RS conveys; 
- The preciseness and dispersion of the scores 
are of no influence upon the decision. A 
aggregated score is a sufficient 

3. ELUCIDATION AND RISK 
EXPRESSIONS WITH A CHO
INTEGRAL BASED AGGREGATION  

Until recently, the most common aggregation 
tool, which is used in multi-criteria decision-
making, is the weighted average (till simpler the 
arithmetic mean), as it is the case in the totality 
of the recommender systems. It is a rather rough 
reduction of aggregation operators. Fuzzy 
integral based operators have been introduced 
notably in order to consider interactions 
between criteria to be aggregated [Grabisch and 
Roubens, 1996; Sugeno, 1977], especially, the 
2-additive Choquet integral that only takes 
paired criteria interactions into account 
[Grabisch, 1997; Berrah et al., 2000]. In the 
next paragraphs, the notations of the Choquet 
fuzzy integral and its principal properties as 
operator of multi-criteria aggregation are briefly 
recalled. Then we focus on associated 
elucidative f

3.1 Background and notations 

In the remaining of the paper, we will work in a 
finite universe C = {c1, c2, …, cn} of n criteria, 
P(C) is the power set of C, x = {x1, x2, …, xn} 
represents the numerical satisfaction values of 
the criteria, such that xi is the score of criterion 
ci. Let us consider a set of e-retailers S = {s1, s2, 
…, sp}. Each e-retailer sk∈S is associated with a 
profile sk = (x1

k, x2
k, …, xn

k) where xi
k represents 

the score of sk related to the criterion ci. For the 
sake of simplicity, it is assumed that we deal 
with ratings on criteria, expressed on a [0,1] 
scale, 1 corresponds to the complete satisfaction 

of a criterion, and 0 corresponds to a complete 
dissatisfaction of a criterion. The problem of 
aggregation is the construction of a function Cµ : 
[0,1]n→[0,1], so that, for each solution sk : Cµ(sk) 
= Cµ(x1

k, x2
k, …, xn

k), where Cµ(sk) represents the 
global rating o
the n criteria. 

Definition 1. Let µ a fuzzy measure on C. The 
(discrete) Choquet inte

µ 1 n ∑ =i 1 (i) (i-1) (i)

where (.) indicates a permutation such
 x(0) = 0, 0 ≤ x(1) ≤ x(2) ≤ …
a
 
According to the application context, only a 
particular case of Choquet fuzzy integrals 
known as the 2-additive measure [Grabisch, 
1997] will be considered. This Choquet integral 
can thus be
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with ∑ ≠
− ij iji Iv ||)2/1( ≥ 0. 

The vi’s are the Shapley indices, representing the 
importance o h criterion relative to all the 

∑
f eac

others with 
=

; I represents the interactions 

the criteria are no-interacting 

I  are related to µ by the
wing relations: Iij µ=

t the point 
of this article (see [Grabisch, 1997]). 

=
i

iv
1

1
n

ij 

between pairs of the criteria (ci, cj) with values 
contained in the interval [-1;1]; a value 1 means 
a complementarity between the two criteria, a 
value of –1 is indicative of a redundancy, and a 
null value means 
i.e. independent.  

The coefficients vi and  
follo )()(),( jiji µµ −−  

and ∑+= ≠ ij iji Ii )2/1()(µν . They are more 
natural than µ to the decision maker, thus their 
determination by asking the decision maker is 
possible, but it must be verified that the 
monotonicity conditions are satisfied [Grabisch, 
1997]. Other methods based on the identification 
of these coefficients from experimental data 
exist but it is another issue that is no

ij

155



3.2. Elucidation of the aggregation result 
Let us consider that the e-retailer that has been 
first ranked by the experienced e-purchasers is 
sk: It has been adopted following an aggregation 
strategy (relative importance weights and 
interactions between criteria) identified with the 
aggregation operator Cµ. Thus for all l = 1, …, p 
(where p is the competing e-retailers’ number), 
we have Cµ(sk) ≥ Cµ(sl). An explanation as to 
why sk has been selected is of great value for e-
retailers’ managers and e-customers. The 
answer to the “why” question can be 
quantitatively expressed in terms of the relative 
influence or dominance of particular criterion 
ratings on the ultimate decision. Indeed, we are 
interested in the partial contribution of a 
specific criterion rating for a considered 
aggregated result. Our approach to determine 
the contributions of each rating is to decompose 
the global rating as a sum of terms in which 

z et al., 
tion are considered 

d even anecdotal 
report depending on the nu
feedbacks collected in the kno
RS. r this, e have: 

, let us note: 

, then: 

x )()1()()2()1( )(( µµµµ +−+− +

1=

s of (3)

o the criterion c(

n ess
on).  

In the case of a 2-
expression  in (3) becomes [Akharraz et 

partial ratings are factorized [Akharra
2002]. Two kinds of elucida
as developed in the following subsections.  

3.2.1. Absolute elucidation  
First, it may be relevant to identify the elements 
related to the value of e-retailer sk: It is an 
absolute elucidation. The latter consists in 
decomposing the aggregated rating in a ranked 
sum of criterion rating contributions. It should 
then be possible to parameterize the level of 
detail required for the elucidation. We might 
wish to include several levels of detail in the 
argumentation: a “one-word” justification, the 
main reason for this preference, detailed 
reasons, or an exhaustive an

mber of expertise 
wledge base of the 
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We can initially simply re-rank the term  
so that: k

j
k
j

k
j

k
j xx )1()1()()( ++∆≥∆ µµ ∀j=1, …, n-1. 

We can then partition the absolute contributions 
of the scores related t j), k

j
k
j x )()(µ∆  

(this term is defined as the absolute potential of 
criterion c( j) ) into classes relative to the orders 

of magnitude of the k
j

k
j x )()(µ∆ / kk x )1()1(µ∆  ratio. The 

closer this ratio to 1, the greater the contribution 
of the score of the criterion c(j), and the more c(j) 
represents a ential dimension in the decision 
making (local interpretation of elucidati

additive fuzzy measure, the 
k
i)(µ∆

al., 2002]: 
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where ν lative importance of criterion 
c(i) and I(i)(j) is the interaction between crit c(i) 

 

(i) is the re
eria 

and c(j). ). In fact, the e-retailer sk, belongs to a 
simplex denoted:

{ }10/],0[∈= kkxH
kσ 1 )()1( ≤≤≤≤ nxx σσ K , 

where the Choquet integral has a linear 
expression with k

i)(µ∆  as linearity coefficient for 
the criterion x(i). 
As soon as the most relevant criteria are thus 
determined the corresponding critics relating 

provided 
l justification of the 

k
 was preferred over sl, i.e. 

the dimensions along which sk made 
difference over sl. One simple issue is to use the 

ing analysis:  

e e o

esponding critics 

experience in natural language can be 
to the user as a rhetorica
ranking by the RS. 

3.2.2. Relative elucidation 
Another aspect of elucidation consists in 
providing evidence concerning the dimensions 
according to which s

the 

follow
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where l
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i xxR µµ ∆−∆=, . 

This is a relative argument in which the 
quantities analyzed are the sums of the 
individual relative potentials lk

iR , . Note that 
many coefficients can be negative, though the 
global preferred e-retailer has not compulsory 
the highest score on each criterion. We may 
adopt the sam ord r- f-magnitude reasoning 
for ),( k

R ssCµ∆  as for )( ksCµ  as discussed in 
the preceding step, after permuting the 
subscripts of ),( lk

R ssCµ∆  for each candidate s

n

l

k 
to rank the individual relative potentials in 
decreasing order. The corr
related to the criteria identified in this analysis 
are then provided to the user as a logical 
argumentation of the choice. 

156



Through the most significant expert advices of 
the experienced customers, the RS provides 
customers and e-retailers’ managers with a 

gical argumentation of its 

lobal score. The risk 
expression r varies in an opposite wa
this distance and thus can be define

close e-retailers. Then, an important 
e 
-

of the ranking based upon the 

d like to 

l increase vector of 
the partial scores of s  such that sj achieves the 

same global evaluation with Cµ as s1 is required. 
It is thus defined as follows: 

relevant and helpful lo
ranking in natural language. 

3.3. Risks definitions 
The decisional risk is seen as related to the 
reliability of the decision, but the risk notion 
introduced is quite different of a conventional 
probabilistic one and is more in line with a 
sensitivity analysis of the e-retailers ranking that 
is itself linked to the sensibility of the 
aggregated scores to partial score variations. The 
risk matches the question “what is the risk 
choosing e-retailer 1, 1st ranked, rather than e-
retailer k, kst ranked”. Thus we propose to base 
the risk definition on a notion of distance d(s1, 
sk) between e-retailer  sk and e-retailer  s1 that 
have the highest g

y versus 
  d by the 

following expression: 
1

2...1 min ( ( , ))k
k pr d s s== −            (6) 

where p is the e-retailers’ number and d a 
normalized distance, e.g. the absolute value of 
the difference between the global scores 
associated to sk and s1. Thus r varies between 0 
(no risk because the best e-retailer is far from 
the others and these will never make up the lost 
time) and 1 (full risk because the best e-
retailer is close to the others). In other respects, 
the decisional risk expression gives information 
about the 
issue is the determination of the more sensitiv
score versus the decisional risk between two e
retailers.  

Indeed this kind of information is relevant for: 

- the customer for it provides him with the 
reliability 
experience feedback; he is informed of the most 
critical dimensions of the evaluation when 
hesitating; 

- but it is also a very useful piece of information 
for an e-retailer’s manager who woul
improve the performances of his site: he exactly 
knows which dimensions have to be improved in 
priority to ameliorate his global score. 

Let us denote j∆  the minima
j
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And the asso

nqnq

ciated optimized directional risk 
between sj and s1 is naturally defined as:  

1 /j
ODr n= − ∆    (7) 

This particular definition for 1( , )kd s s  enables 
to explicitly represent the effort to be provided 
to get the expected global score. The 
computation of j∆  in the non-linear case of  Cµ 
is provided in [A et al., 2004]. This 
algorithm also gives th

kharraz 
e sensitive 

dimension of the improveme  
 most 
nt (this last notion

is to be related to ( )OD
j

r j

kx
∂

∂

4  ILLUSTRATION ON THE E-RETAILERS RS 

Four criteria (range of service/product (1), 
products and services pricing (2), purchase 
tracking (3), delay (4)) have been used to 
evaluate the e-retailers. The customer expresses 
his criterion satisfactions by a numerical score. 
The re

). 

sult is displayed under the form of a grid 

, 1990], would be more adapted, but this 

of the e-
custo egation 

erat are h h 2.

(Fig. 2). The numerical rating is expressed in 
[0,1]. 

The aggregation of the customers’ partial 
criterion ratings for a considered criterion and a 
considered e-retailer, i.e. one box of the grid 
(Fig. 2), is obtained for instance by a simple 
average of the customer criterion ratings. 
Aggregation operators able to take the number 
of ratings and competence of users into account, 
e.g. uninorms [Yager, 2002], (restricted) 
majority or unanimity with or without 
compensation [Zadeh, 1983; Kacprzyk, 1987; 
Koning
partial aggregation issue is not the goal of this 
paper. 

The global rating of an e-retailer is obtained by 
the aggregation with a 2-additive Choquet 
integral modelling the behaviour 

mers. The parameters of this aggr
op or gat ered in t e Table   

Table 2 – Choquet integral parameters 
ν1 ν2 ν3 ν4 I14 I24 I34 I23 I13 I12

0.275 0.225 0.3 0.2 -0.2 0.0 -0.1 0.3 0.2 0.1

The criteria have a quite similar importance, but 
there is an interaction between them, especially 
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between range of service/product and delay, and 
between services pricing and purchase tracking. 
Note that the precise identification of the 
collective behaviour is a difficult problem that is 
not the object of this paper. The experience of 
the e-retailers’ managers can be combined with 
the observation of customers’ behaviour in the 
past to obtain such data. Concerning the 
evolution versus time, the critics and ratings are 

pled time 
acquisition.  

 

ns of 
eac or 
respectively

 o l on 

entered in a continuous way with sam

Figure 2: Evaluation grid of the e-retailers 

The manager of an e-retailer k wants to know 
the reasons why his site has obtained such a 
success. In this view, he observes the evaluation 
grid at the considered date. The details of the 
criteria average ratings at the date T are gathered 
in Table 3 (first two lines). The criterion weights 
in the linearity domain considered, computed 
with the equation 4, are indicated line 3 (both 
sites are comonotone in this example). Line 4 
(AbsH) and line 5 (AbsR) provide the absolute 
elucidation by indicating the contributio

h criterion rating to the global one, f
 e-retailer k and e-retailer p.  

     Table 3 –  Ratings and abs lute e ucidati
 Cr(1) Cr(2) Cr(3) Cr(4) global

e  k 0.  -ret. 0.87 0.89 0.83 0.76 84
e-ret. p 0.81 0.90 0.80 0.73 0.80 

∆µj 0.325 0.025 0.6 0.05  
Abs_k 0.28 0.022 0.50 0.038 0.84 
Abs_p 0.262 0.022 0.48 0.036 0.80 

In fact, the criterion rating that has the highest 
contribution is the purchase tracking score, both 
for e-retailer k (0.50) and e-retailer p (0.48). It 

is then possible to extract from the database the 
critics corresponding to the highest rating for the 
purchase tracking. This allows providing a 

ween the two e-retailers is made 

ng reliability. At the 

is located in the initial simplex

al improvement. This 

E-retailer 

Competing 
Websites 

Evaluation by 
the critics 

E-recommender 
website 

score 

score 

Exper

“word-of-mouth” justification based on the 
gathered experience feedbacks. 

In order to have more details, the master of e-
retailer k—who is cautious and forethought—
asks the RS for a relative elucidation versus his 
challenger e-retailer p. On this example it is still 
the purchase tracking that is prevalent 0.02 
(0.50-0.48) by Eq.(5)). In further analysis, the 
difference bet
by the range of service/product scores, i.e. 0.018 
(0.28-0.262). 
The manager of an e-retailer k has then the 
following problem. Either he rests on his laurels 
on the basis of the available experience 
feedbacks and associated ratings, either he 
considers that the ranking is too tight and that he 
prefers to acquire additional critics (advertising 
campaign, oriented opinion polls, etc.) and thus 
new ratings to decrease the decisional risk and 
improve the ranki
considered date the e-retailer p is the closer 
competing e-retailer. 

For the e-retailer p, the highest criterion weight 
0.6. corresponds to the purchase tracking. Thus, 
the local critical path passes through an increase 
of the purchase tracking score until it reaches 
the range of service/product score, i.e. 0.81. The 
algorithm proposed in [Akharraz et al., 2004] 
provides the closest point to the e-retailer p 
(0.81;0.90;0.80;0.73) that achieves Cµ=0.84. It 

 defined by the 
ranking of the partial scores of the e-retailer p:  

p p p px (4) < x (3) < x (1) < x (2) . Thus after the 
purchase tracking score has reached 0.81, the 
optimal improvement is obtained by a 
displacement along the bisecting line between 
the purchase tracking (weight 0.6) axe and the 
range of service/product axe (weight 0.325). 
The equation to be solved in this simplex is thus: 
0.6 * 0.01 + 0.325 * δx + 0.6 * δx = 0.84 - 0.80, 
that leads to δx=0.0367. The improvement w.r.t. 
purchase tracking is thus 0.0367+0.1=0.0467 
and 0.0367 for range of service/product. The 
risk value is then 0.9798 (1-(0.467+0.367)/4). 
The risk to select the e-retailer k rather than the  
e-retailer p is high and a deeper investigation 
should be carried out w.r.t. purchase tracking 
criterion because it represents 0.0272/0.04=68% 
of the necessary minim
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Cr
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ce Experien
ce Experien

ce Experience 
Feedback 

E-retailer E-retailer E-retailer E-retailer E-retailer 

Multi criteria aggregation 

158



computation can be reiterated until a satisfyin
value for ODr is reached. 

g 

 partial indicator to the 

sion 
of

e
istr
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5  EXTENSION OF THE RS PRINCIPLES 
WHEN UNCERTAINTY 
In the first part of this paper, the scores are 
precise ratings in [0, 1]: there cannot be 
imprecision in the expert evaluation. 
Furthermore, the dispersion of the scores is 
supposed of no influence upon the decision. 
Thus it is implicitly suggested that an 
aggregated partial score is a sufficient piece of 
information to perform the decision. 

This drastic reduction to average scores 
(statistical histograms are never available) hides 
the detailed natures of the expert knowledge and 
prevents the customers from really appreciating 
the uncertainty in the e-retailer evaluation by the 
experienced e-purchasers. Indeed, this average 
synthetic information can be misleading because 
it does not give any idea about the variability or 
the controversial aspects of the experienced 
customers’ opinions. This aspect can bias the 
novice decision making. 

Therefore, to improve the decision-making 
support, we still propose to consider the 2-
additive Choquet integral but this time, the 
criteria scores are no more precise real values 
but possibility distributions for each partial 
score w.r.t. a criterion. This uncertainty 
representation will not be deeply discussed here 
versus a probability one.  But let us only say that 
for many criteria only a small number of 
expertise feedback scores is available (many 
experienced customers give only a global 
evaluation) and that the identification of specific 
probability distributions (Gaussian, triangular, 
uniform ...) is not always straightforward, we 
may also have different possible probability 
distributions for a same series of sores.  The 
possibility distribution determination from the 
customer scores is also not detailed here but can 
be based on previous works [Dubois et al., 1988; 
Mauris et al., 1997; Dubois et al., 2004].  

We address here the issue of how supporting 
the actors of the DMP from the uncertainty 
possibility representation in the global 
evaluation. Thus, concise easily interpretable 
pieces of information, such as variability or 
controversial aspect of the customer’s opinions, 
are useful. In this view, we propose to describe 
possibility distributions using indicators of 
location and dispersion and to determine the 
contribution of each

global ones. It is presented as a mere exten
 the concept of real marginal contributions in 

the former sections.  

5.1. Propagation of possibility distributions 

Let us now consider the case where scor s are 
possibility d ibutions. We are considering the 
case of no modal piecewise linear 
distributions: to each criterion a trapezoidal or 
triangular possibility distribution iπ  is 
associated. iπ  is thus defined by four 
parameters (a,b,c,d) with ((a,0),(b,1),(c,1),(d,0)). 

 The propagation of possibility distributions 

 Moreover, 
th

l., 1994]. 
Let’s notice that in case of intersection 

between the ascending (resp. descending) parts 
of the distributions, the initial distributions 
ra

t us consider the case of Nomatica.com 
eval er 

y criteria and their corresponding 
possibilit
Fig. 3): 

.com partial evaluations  
 

Crit Possibility Distributions 

through the Choquet integral obeys to the 
Zadeh’s extension principle [Zadeh, 1978].  

1 11 ( ,..., )1( ,..., ) /( ) sup (min( ( ), ..., ( ))ag n nn C m m mnm mm m m
µ

π π π
=

=

As we are dealing with piecewise linear 
distributions, and with a piecewise linear 
aggregation operator, the aggregated possibility 
distribution is also piecewise linear.

)

e Choquet integral needs only to be calculated 
at the intersection points of the ascending and 
descending parts of the input possibility 
distributions [Grabisch et a

nking is modified from: 

(1) ( ) ( ) ( ) ( )... ...  ( ) tok k k k
r q n rqHσ σ σ σ σπ π π π≤ ≤ ≤ ≤ ≤

(1) ( ) ( ) ( ) ( )... ...  ( )k k k k
q r n qrHσ σ σ σ σπ π π π≤ ≤ ≤ ≤ ≤  

      Le
uations. For sake of simplicity we consid

onl  four 
y distributions (see Tables 1, 3 and 

Table 3 – Nomatica
 eria 

C1 range of service/ product 1 (0.79;0.83;0.87;0.99)π =
 

C2 products and services pricing 2 (0.8;0.9;0.91;0.95)
 

π =

C3 purchase tracking  3 (0.65 ;0.86;1)π =
 

;0.81

C4 delay  2;0.8;0.84)π =
 4 (0.68;0.7

The propagation of these partial distributions 
using the Choquet Integral gives agπ  (Fig. 4) :  

(0.703,0); (0.729,0.25); (0.814,1);
(0.861,1); (0.924,0.5); (0.966,0)agπ =

⎧ ⎫
⎨ ⎬
⎩ ⎭
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Figure 3: The possibility di

Figure 4: The propaga
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one basis for the definition of argumentation 
functionalities [Akharraz et al., 2002]. 

5.2.2 Location and dispersion indicators 
Let’s consider a set 

1 q{ ,.., }
),...,( 1

k
n

kk πππ = . 
Ou

based upon the definition of the upper ( *E ) and 
lower ( *E ) values of the mean value of a 
possibility distribution [Dubois et al., 1987; 
Fortemps et al., 1996]: 

∫
+∞

= dxxxdFE )()(* π (
∞−

*
*

* π ∫
+∞

∞−

= dxxxdFE )()

with *
*( ) (] , ]) ( ) (] , [)x F x x F x N x∀ ∈ = Π − ∞ = − ∞ . 

This proposition is based on the fact that theses 
en perat

in each linear 
subdomain―s

tities are invariant with linear o ors. 
Because the piecewise linearity of the Choquet 
integral, we have thus 

implex Hσ : 

1
* *

*( ( )) ( )*( ),... ( )) (resp.nE C C Eµ µ E Eπ π π= . 
Moreover, this notion of mean interval is easy 
understandable by the customers. 

We define the dispersion indicator ( )π∆  as 
the distance between the upper and the lower 
value of the mean interval.  

*
*( ) E Eπ∆ = −                                       (8) 

Finally, let us denote *
*( ) ( ) / 2M E Eπ∆ = +  the 

middle of the mean interval of π . This value 
al n 
the same way rage) and thus provides 
a locati si ent with our 
dispersion m
For sake of illustration, let’s still consider 
example1 e the a and 
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lows reducing the evaluation to one point (i
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on indicator con st
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nt distributions. 
Table 4: dispersion ∆ and location values (M )

No ∆ Μ∆
∆

 

1c :  range of services/products ( 1π ) 0.12 0.87 

2 : products and se vices pricing ( 2c r π ) 0.08 0.89 

3c : purchase tracking function ( 3π ) 0.2 0.83 

4c :delay( 4π ) 0.12 0.76 
Propagated Distribution  (

agπ ) 
0.161 0.83 

Domain3
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(1) Note that M∆ corresponds to the deterministic profile of e-
retailer k in Table 3. 

5.3 Criterion dispersion contribution 

      As mentioned previously, the Choquet 
integral has a linear expression in domains 
defined by the ranking of the scores.  When the 
scores are possibility distributions, the dom
are delimited by the points of linearity change 

ains 

on the propagated distribution (Fig.4 and 5) 
[Grabisch et al., 1994]. If we have p-1 points, 
we obtain p domains. Therefore, the aggregated 
possibility distribution can be written as the 
union of the aggregated result of the p domains 
thus defined. 

  i=1..n   i=1..n1.. 1.. 1..

.k k k k
ag ag i i i

k p k p k p

Cπ π µ π
= = =

= = ∆ =∑ ∑U U U
    

(9) 

where k
agπ  is the part of the aggregated 

distribution corresponding to the k-th domain 
and k

iπ the part of the possibility distribution of 
i k-ththe criterion involved in the  domain. 

According to [Grabisch et al., 1994], this latter 
is obtained by truncating the distribution at the 

l of the intersection point and by keeping 
 the increasing (resp. ccording 

leve
only decreasing) a
to the monotony of k

agπ  (increasing resp. 
decrea re t the contribution sing). The Ck

i’s re senp
of each criterion i to the ag

kπ  in domain k
Due to the linearity in each domain, the

. 
 

dispersion of the partial propagated distribution 
k
agπ  is then:   )k

1
( ) (

n
k k
ag i i

i
π µ π

=

∆ = ∆ ∆∑               (10) 

In addition, it is proved in [Denguir et al., 2005] 

that: 
p

k∆                      (11) 

Therefore

( )k
ag

k
π = ∑∆

Figure 5
 
This equa
of the i

criterion to the dispersion of

criterion‘s
identify w
the dispe

Thus, the partial contribution  ic ∆  of each 

ag  π   is defined as:  

1
. ( )k k

i i i
k

c
p

µ π∆
=

= ∆ ∆∑            (13) 

Regarding example 1, we have two intersections 
points and three domains (Fig.3). Table 5 
summarizes the dispersions for the three regions. 

We note that in this case 
3 1 2 4( ) ( ) ( ) ( )π π π π∆ > ∆ = ∆ > ∆  but we have: 

3 1 4 2c c c c∆ ∆ ∆ ∆> > > . From the viewpoint of the 
decision-making support, it can be interpreted as 
follows: criterion 3 (purchase tracking) is the 

has the most contributed to the criterion that 
dispersion of the propagated distribution: the 
dispersion of expert advices w.r.t. criterion 3 is 
of great influence. Thus, to reduce the dispersion 
of the result, additional experience feedbacks 
w.r.t purchase tracking that would lead to a 
consensus w.r.t this criterion are of major 
interest. 

Conclusion 
The impact of Information and Communication 
Sciences and Technologies is a kernel factor in 
developing our modes of organization, if not our 
societies. The World Wide Web has brought us 
into a world of endless possibilities…and of 
endless choice. How can we make the right 
choice from a huge universe of items of widely 
varying quality with many evaluation criteria 
and hundreds sources of information? The 
Recommender System (RS) we propose 
addresses this issue. With that in mind, our RS 
states that experienced users have to share their 
( )ag ag

k 1
( )π π

=

= ∆

 the following equation holds: 

∑

1 1

( )k k
i i

i

p n

µ π
= =

∆ ∆∑                      (12) 
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∆ 1.25E-3 3.12E-3 5E-3 1.25E-3 3.17E-3 0.103 0.017 77 0.113 0.1 0.147 0.015 5E-3 0.017 5E-3 0.01 

∆µi
k 0.325 0.0025 0.5 0.15 0.325 0.025 0.6 0.05 0.425 0.425 0.1 0.05 

c ∆ 4E-4 7.8E-5 2.5E-3 1.8E-4 

Σ ci∆
k

3.17E-3 0.033 1.7E-3 i
k 0.106 5.6E-3 

Σ ci∆
k

0.147 6.3E-3 2.1E-3 1.7E-3 2E-4 

Σ ci∆
k

0.01 

iπ  1π  2π  3π  4π  

∆ 0.12 0.08 0.2 0.12 

ci∆
0.0405 0.004 0.11075 0.006125 

( ) ( )
p

kπ π∆ = ∆ ⇒∑  
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Using Expert Judgement with MERMOS: from Static Assessment 
towards Knowledge Capitalization 

Le Bot P. 
EDF R&D, Industrial Risk Management Department,  
1, Avenue du Général De Gaulle, 92141 – Clamart CEDEX,  
France 
pierre.le-bot@edf.fr 

ABSTRACT:  

Key Words: Expert Judgement, Human Reliability Assessment, Bayesian Belief Networks 

MERMOS belongs to the second generation of Human Reliability Assessment (HRA) methods. MERMOS is 
the EDF reference method, used to analyse human impact on safety in the Probabilistic Safety Assessment 
(PSA) frame. MERMOS (Method for Evaluating the Reliability of Missions of an Operating System) stands 
on a systemic analysis of Human reliability. The analysis is centred focused on the operating crew, the emer-
gency operating procedures and man-machine interface as a whole. It consists in thinking out and quantify-
ing as many failure "scenarios" as possible. MERMOS method is based on the significance of qualitative 
data collection for Human Reliability, and on the central role held by Human Reliability experts in building 
knowledge about emergency operation. In the field of Risk Analysis, the process is often centred on experts 
although in HRA, expert judgment is a secondary aspect. Most of the time, expert judgment is considered as 
a weak alternative that is only used only when statistical or generic quantification models are unavailable, in 
order to provide analysts with quantitative data from qualitative data. Before MERMOS, the first Probabilis-
tic Human Reliability Assessment (HRA) methods at EDF were mainly adapted from Swain’s method 
(THERP). Statistics from observations of tests on full-scope control room simulator were preferred to figures 
from table Swain’s Handbook tables (several hundred of observations have been performed since the 80’s). 
If no data were available, analysts were asked to pronounce expert judgment by default.  
This paper aims to show how EDF has taken into account the feedback of first HRA process into MERMOS. 
The main issues are:  
HRA is more a process to improve knowledge from experts knowing about a potential phenomenon that is 
rarely observed (failing nuclear reactor operation), than a quantification based on algorithmic computation 
from data collection. 
HRA analysts themselves constitute the main part of experts. 
The process is interactive and dynamic: the expertise is acquired during simulator observations and MER-
MOS application. The qualitative structure and the required justification of MERMOS analyses enrich the 
knowledge for each new PSA. 

The paper will conclude with research topics that derive from this position. Firstly we have to provide the 
analysts with tools that allow them to capitalise MERMOS analyses. Secondly we have to improve expert 
judgment process and expertise development, and we have to limit negative aspects of expert judgment use. 
For these reasons we are currently developing the IDAFH (Data & Human Factors Analyses Integration) 
tool, structured on Bayesian Networks. At the next step, we will develop functionalities to perform sensitiv-
ity analyses, in order to estimate the impact of changes in emergency operation on safety, as assessed by 
PSA. Fully using the abilities of Bayesian network, IDAFH will be used as a decision-making tool. 
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1 INTRODUCTION 

1.1 Human Reliability and EDF’s 
probabilistic methods  

 

It is essential to assess the contribution that failed 
operator actions make to risk, and in the context of 
a Probabilistic Safety Assessment or PSA (Étude 
probabiliste de sûreté), this assessment is based on a 
Human Reliability Assessment or HRA. The objec-
tives of an HRA are: 
· To identify significant operator actions under 
normal or abnormal operating conditions whose 
failure (or inappropriate nature) significantly jeop-
ardises reactor safety, 
· To collect base data from observation, experi-
ence, operations or simulations, 
· To quantify the probability of failure of each of 
these actions, and to use the quantified values in 
PSA models, 
· To contribute to safety improvements by identi-
fying operator failures that are important because of 
their consequences and their probability of occur-
rence.  
 
 HRA has been developed mainly for the nuclear 
industry, and is based on the work of Alan Swain at 
the Sandia Laboratories in the United States during 
the fifties. Initially, THERP (Technique for Human 
Error Rate Prediction) was designed for quality con-
trol in an assembly shop for nuclear warheads. It 
has been very successful because it is simple: it as-
sumes that typical errors, such as misreading the 
value of a parameter on a gauge, missing out one 
stage in a list of instructions, or choosing the wrong 
position for a switch, occur at constant rates. If the 
tasks that a person accomplishes can be broken 
down into secondary tasks for which these types of 
error can be predicted, then the probability that the 
whole task will fail can also be predicted. THERP 
models the operator’s recovery from the error, and 
stress is taken into account in adjusting the standard 
probabilities of each type of error, assuming that 
there is an optimal value of stress at which the 
probability of error is lowest. Probability curves for 
the failure of a diagnosis as a function of the time 
available are provided for diagnoses of various de-
grees of difficulty. Swain adapted THERP for PSAs 
in nuclear reactors for the US Nuclear Regulatory 
Commission (NRC) in 1983. Since then, this 
method has remained the most widespread, not only 
in the nuclear industry, but also in other areas of 
manufacturing. However, today its exponents are 

sensing limitations, since it is very difficult to re-
flect changes in performance attributable to human 
factors using tables of values of Swain probabilities, 
which have remained static for twenty years. 
THERP assumes that if the task does not change, 
then the probability of failure remains constant. It 
does not take into account more sensitive qualitative 
parameters such as context specific to the unit and 
the operators, or indeed the impact of plant organi-
sation and management. In fact, the method is based 
on traditional methods used for the reliability of 
materials, but with the operator in the place of the 
mechanical component. 
 
From the eighties onwards, the development of in-
formation technologies fostered many methods that 
used a cognitive model of the operator. They were 
based on the work of Jens Rasmussen [RASMUS-
SEN 1983] and James Reason [REASON 1990] on 
human reasoning and human error. A failure is in-
terpreted as a breakdown in the information proc-
essing which is supposed to be taking place in the 
operator’s head. Rasmussen divides cognitive activ-
ity into three levels of increasing sophistication: 
Skill, Rules and Knowledge, and each task, from 
the most automatic to the most difficult, corre-
sponds to a level from the lowest to the highest. At 
the lowest level, the action is a reflex; at the next, it 
relies on if-then rules; and at the last and highest 
level, it is a reasoning process that calls on the op-
erator’s knowledge and skills. Reason sorts errors 
into different basic groups (slips, lapses and mis-
takes), and the assessment methods are based on 
this error taxonomy, more or less combining the 
models from Rasmussen and Reason. 
The initial Human Reliability Assessments at EDF 
were carried out between 1980 and 1990 using a 
method called FH6, derived from American meth-
ods, including THERP. EDF developed a simplified 
method and populated it with data from its own sta-
tistics and expert assessments, recording normal op-
eration behaviour on site, and incident-management 
behaviour using a simulator. FH6 thus stresses 
planning ahead for operator errors and recovery 
from them. Since EDF’s formal procedures were al-
ready very comprehensive and prescriptive, an error 
was essentially seen as a departure from procedure.  
This approach was very successful for the Probabil-
istic Safety Assessment of 1300MWe reactors, but 
foundered later because of the increasing difficulty 
of data update [LE BOT 2003]. It became clear that 
developing emergency operation procedures re-
quired the HRA method to be systematically re-
viewed. In addition, research into incident manage-
ment using a simulator continued to develop, 
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drawing on techniques from psychology and ergo-
nomics. It showed that operator activity is more 
than simply the application of procedures. It is, in 
fact, very complex, and heavily dependent on the 
situation and its particular features. In the end, there 
appeared little profit in spending undue effort on 
individual human error, particularly as other com-
ponents of the emergency operation system pro-
vided a high degree of recovery from such errors. 
When incidents were analysed, they showed that 
their management in the control room resulted more 
from a conscious collective process at team level, 
than from the sum of individual errors. This reflects 
current trends in sociology and psychology such as 
distributed cognition ([HUTCHINS 1995]), in that 
it is apparently necessary to take into account the 
interactions between operators, procedures and in-
terface in a much more systematic way.  

1.2 MERMOS, a second-generation method 

As a result of this research, EDF R&D developed 
MERMOS, as, simultaneously, the NRC worked on 
ATHEANA in the United States [OECD 2000]. 
MERMOS is currently EDF’s reference method for 
analysing emergency operation behaviour once an 
incident has been triggered (post-incident behav-
iour). MERMOS takes into overall account emer-
gency operation behaviour at the level of system 
operators, procedures and human-machine interface. 
Individual operator errors are considered as part of a 
particular context that promotes a consistent behav-
iour by the system. This behaviour would be appro-
priate were the situation slightly different, but is not 
appropriate to the triggered situation. 

MERMOS’ objective is thus to analyse and 
quantify failures in reactor management tasks as-
signed to operators in power plants during incidents 
(See Figure 1). MERMOS considers a complex sys-
tem - the operator team and its interaction with pro-
cedures and interface - and from it identifies the be-
haviour during emergency operation. In contrast to 
earlier-generation methods, MERMOS does not use 
a generic error model. The analyst assesses the fac-
tors influencing emergency operation behaviour 
(e.g. stress, complexity, time available) and uses his 
assessment to evaluate the overall probability of 
human error. 

MERMOS requires the analyst to construct as 
many failure scenarios as possible, and as many de-
scriptions of accidents (or at least of accident man-
agement in the control room), in a qualitative and 
structured way (See figure 2) . Each scenario is then 
quantified, by assessing the probability that the 
various factors necessary for it to occur will happen 

together, and assuming that the scenario will persist 
until failure (See figure 3). 

The overall probability that the task will fail is 
obtained by summing the probabilities for each fail-
ure scenario. 

2 THE ROLE OF THE EXPERT IN THE 
DIFFERENT GENERATIONS OF METHODS 

2.1 The need for expert judgement 

If we return to the overall objective of a Probabilis-
tic Safety Assessment in a nuclear power plant, it is 
in essence no more than an investigation into the 
uncertainty of a prediction about the sociotechnical 
system that comprises the nuclear power plant. The 
aim is to be sure that it operates reliably [PATE-
CORNELL 1996], in order to make the decision to 
authorise the plant’s operation. 

What sources of uncertainty are involved in this 
risk assessment? Two types of uncertainty are con-
ventionally considered [PARRY 96]:  

• Stochastic uncertainty, due to the ran-
dom nature of the phenomenon deter-
mining the way in which the process or 
its environment functions. The result of 
throwing a six-sided die is an example 
of a stochastic uncertainty: the uncer-
tainty can be evaluated using a model, 
giving a probability of 1/6 of obtaining 
each of the six sides. 

• Epistemic uncertainty, which arises 
when sampling is insufficient to model 
the phenomenon under review, and/or 
when the phenomenon itself is misun-
derstood. An example is the uncertainty 
over the effect of exposure to weak 
doses of radioactivity, which is linked to 
ignorance of all the factors which might 
affect the health of the people irradiated, 
and to our lack of experiential evidence 
about these modes of irradiation. 

There are a number of reasons why it is valid to 
try to distinguish between epistemic and stochastic 
uncertainty.  

Firstly, the nature of the uncertainty indicates 
how it might be assessed. Stochastic uncertainties 
are treated using probabilistic modelling. Epistemic 
uncertainties require evaluation using expert 
judgement. The expert (or the panel of experts), 
uses his intuition and analytical skills, informed by 
his knowledge and experience, to provide subjective 
probabilities, and possibly even an estimate of the 
confidence that may be placed in the overall as-
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sessment, or more specifically in the information 
(data) or model that was used.  

The nature of the uncertainty also determines 
how the uncertainty may be reduced. Stochastic un-
certainty, once modelled using appropriate probabil-
ity laws, cannot by definition be reduced. By con-
trast, epistemic uncertainty may be reduced by 
increasing the knowledge base and making better 
information available to the experts. 

Lastly, in theory, the two uncertainties may not 
always be combined in the same way: it depends on 
their nature [HOFER 96]. 

However, in practice, distinguishing between the 
two sources of uncertainty is virtually impossible. 
The choice can more or less go either way, depend-
ing on the objectives of the research and the meth-
ods used. In general, it is not possible to define an 
accurate model to describe the future state of a 
complex installation, so instead the installation’s 
operation is deconstructed using Winkler’s “divide 
and conquer” principle [WINKLER 96]. The uncer-
tainty about the operation of a sub-set of an installa-
tion (or of its environment) may be seen as quasi-
stochastic from the moment when there is enough 
experience about its operation to be able to assess it 
using a simple and stable model, and when there is 
sufficient statistical data to build a frequentist prob-
ability model. The problem becomes more complex 
when the operation of the complex system cannot 
be broken down, or when the laws governing its op-
eration are not necessarily stable, or when a prob-
ability model cannot be built because there is not 
enough statistical data to extrapolate. 

This situation is typical of the behaviour of hu-
man operators in a control room during an incident. 
A management action, interpreted in a broad sense 
to include the decision to act or not to act, forms 
part of a very complex system. Again, the complex-
ity causes strong interactions between the system 
and its environment: a team of operators adapt their 
actions based on the system’s response, and a slight 
change in the situation and the way it develops may 
cause a very significant change in behaviour. For 
instance, it may be difficult to extrapolate the times 
taken to act observed in a training simulator to situ-
ations where the times are critical, since we can 
observe that operators change their speed of action 
depending on the situation’s urgency (although not 
always!). The system cannot therefore be described 
in its entirety. In any case, the lesson learned from 
simulations is that only rarely is there a complete 
failure in a emergency operation system (meaning 
operators interacting with their procedures and their 
interface), for the good reason that the primary 
characteristic of such a system is its reliability. Thus 

the approach cannot be purely statistical, since the 
number of observations would be unreasonably 
large.  

Because their cognitive operation is complex, 
the human “components” of the system exhibit ran-
dom behaviour, even in very circumscribed or very 
specific situations. An attempt may be made to 
model this uncertainty for any individual, using the 
variability in behaviour associated with the variabil-
ity of operators and their past history (for instance, 
training and experience). However, it identifies only 
the random part of the individual’s behaviour that 
can be attributed (in philosophical terms) to free 
will, or, (in situationist terms and more prosaically), 
to the unpredictability generated by the complexity 
of the interactions with the environment. 

In order to evaluate the uncertainty associated 
with human behaviour, methods of Human Reliabil-
ity Assessment have generally tried to deconstruct 
the operation, or at least the operation that is failing, 
into sub-sets that can be interpreted using quasi-
stochastic modelling. There is thus no need for ex-
pert judgement. This line of attack is particularly 
popular with analysts, because they have technical 
skills, and are normally very reluctant to invest in 
expertise in human factors. 

2.2 First generation of HRA methods: the 
expert aids the analyst in cases outside the 
scope of error modelling 

HRA methods initially modelled the human failure 
using an itemised and simplified description of the 
operator’s intervention. The problem is that it is not 
as straightforward to apply this type of modelling to 
humans as it is to equipment. In practice, equipment 
failure can be defined using a list of equipment 
functionality that has been specified at the outset. It 
is generally possible to categorise equipment func-
tionality by type of failure and by functional de-
pendency, particularly as equipment is very often 
standard, and as the model for the failure may be 
based on industry models that already exist. The 
next stage is gathering the data required so that sta-
tistical inference can be used to estimate the prob-
abilities of failures. 

When it involves human factors, the approach 
encounters some significant difficulties: 

• At an individual level, the operator has 
not been designed specifically for his 
job. His functional characteristics are in-
dependent of the installation’s design, 
even if training is seen as a sort of op-
erator “formatting”, imprinting some 
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standard and repetitive behaviours to 
satisfy particular objectives. 

• There are no biological or cognitive 
laws universally accepted by scientists 
that enable the behaviour of an operator 
to be predicted (at any rate quantita-
tively), in the same way as the flow of 
gas through a breach can be predicted 
using the laws of thermohydraulics.  

• Human behaviour cannot be analysed 
without taking into account both the 
precise situation in which it is inter-
preted and the social context associated 
with it. The behaviour of equipment, on 
the other hand, may be ascertained for a 
relatively large set of external situations 
without considering its links to other 
equipment, from assumptions about its 
functionality set. 

Thus the choice was made at the outset to refrain 
from using any modelling assumptions about the 
operators’ cognitive and social functionality, and to 
reason empirically about the effects of the opera-
tors’ erroneous behaviours. The model normally 
used to guide the data gathering and the probability 
prediction resulting from it, relies on two key hy-
potheses: 

1 When measuring the uncertainty associated 
with the completion of an overall task, behav-
iour as a whole may be deduced from the be-
haviour for each sub-task described in the 
overall task list. 

2 The failure to execute each element or sub-
task is a stochastic process, and depends on 
the variability of both the situations and of the 
operators themselves. It is defined as the dif-
ference between what is actually done and the 
operating rule defined for the sub-task. 

Hypothesis 1 allows statistical data to be gath-
ered: for instance, the task list may include generic 
tasks such as taking a sensor reading. Hypothesis 2 
means the probability of the task having an error 
can be deduced from the data gathered: for instance, 
the analysts are supplied with the probability that a 
reading will not be taken, based on error statistics 
gathered in the field, during simulations, or from 
reports of near incidents. 

When the task list is not appropriate, either be-
cause the task is difficult to analyse, or because the 
statistical sample is inadequate, then the methods 
rely on expert judgement. This is seen as a poor 
substitute, as it is not well founded, is not repeat-
able, and demands time and skill. However, expert 
judgement is also used, rather discreetly, to improve 
the models. For instance, an expert will be asked to 

consider the predictable reluctance of operators to 
carry out irreversible actions, such as intentionally 
breaching a primary circuit by opening a valve, in 
order to flood the reactor with water and hence re-
move residual energy through the breach 
[DOUGHERTY 1997]. The operator’s reluctance to 
carry out the action is a cause of epistemic uncer-
tainty that is not easy to deduce from the data col-
lected. For instance, results from simulations are bi-
ased because they have no real consequences. 

EDF have used this approach to build the FH6 
(post-incident) and FH7 (pre-incident) methods, as 
explained in §1.1. 

THERP [ SWAIN 1981] and TRC [HALL 1982] 
were adapted to EDF’s needs during the eighties, to 
take account of the following: 

• At that time, EDF defined emergency 
operation very narrowly, and the proce-
dures described in great detail how the 
entire team in the control room and the 
field workers should behave in every in-
cident/accident situation. 

• EDF R&D staff in method design could 
observe incident management using full-
scale simulators. Simulation sessions 
were organised annually simply for this 
purpose : they are called MSR tests  
(“Mise en Situation Recréée”). 

• EDF’s Human Factor R&D group used 
ergonomists to observe operator behav-
iour during the MSR tests. 

An important consequence of these three key 
factors was that EDF started collecting data regu-
larly and in quantity. A secondary consequence was 
that the observations of emergency operation activ-
ity were recorded in some detail and were very fo-
cused on discrepancies in the way procedures were 
applied.  

As EDF’s methods continued to develop, the 
THERP and TRC models became less central: the 
links between THERP and the observations were 
not evident, and although it appeared possible to 
gather data specific to French nuclear units, it was 
pointless to use generic data corrupted by epistemic 
error. The only feature ultimately retained from 
TRC was the use of a simulator to record action 
times subject to time constraints. The data was used 
to determine the probability of failure using statisti-
cal inference, by giving the probability that an ac-
tion would not be completed before the time ran 
out. Thus the choices were to focus on observa-
tional data, to build failure models closely linked to 
the operation of EDF procedures, and only to use 
Swain’s quantitative values if there was no observa-
tional data. Expert judgement would be a last resort. 
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In fact, expert judgement was rarely used, and only 
for evaluating actions whose failure had little im-
pact, and where FH6 and FH7 did not apply. 

However, method designers at EDF generally 
took a prudent approach to quantification and re-
quired the analyst to review the reasonableness of 
the final calculation in the light of his or her exper-
tise, and if necessary, correct it. This was not a sec-
ondary safeguard: it grew in importance as the 
analyses developed. Increasingly it required ana-
lysts to have at least some expertise, from observa-
tion using a simulator and debriefings from actual 
events in nuclear power plants, so that they could 
act as the main arbitrators or assessors for calcula-
tions related to the methods’ models. 

2.3 Second generation: expertise as central to 
the analysis of justified but inappropriate 
behaviours 

The post-incident FH6 models and method re-
quired a comprehensive update to provide a Prob-
abilistic Safety Assessment for the N4 series with 
computerised control rooms. The method’s princi-
ple - that failure was a departure from procedure - 
and the desire to make the best use of the empirical 
data meant that FH6 was heavily dependent on the 
procedures used during the previous stage (paper-
based procedures for a standard control room). 

The method was radically recast, and EDF had 
the advantage of its background in design and data 
gathering and in its use of FH6. The new method 
was called MERMOS (see Figure 1). 

A point worth noting is that EDF rethought its 
use of expert judgement. Its view was that first-
generation methods, based on sub-models repre-
sented as stochastic, and structured around error 
modelling, required validation (other than by inter-
national consensus), or anyway had in practice too 
many failings and internal contradictions. For in-
stance, and outside EDF, their very obvious inabil-
ity to take into account failures associated with de-
liberate operator actions (“commission errors” 
[OECD 2000]) had generated many attempts to re-
work methods of this type, including the NRC’s, 
which resulted in the design of ATHEANA ([COO-
PER 96]). This inability was a natural consequence 
of the model employed, because it started from the 
assumption that a failure could be explained by a 
number of simultaneous elementary failures (er-
rors). However, experiential evidence showed that 
catastrophe management had a much higher level of 
complexity, more related to the employment of a 
deliberate, collective strategy that was self-

consistent, but inappropriate to the situation, and 
was explained by particular features of the context.  

Tasks involving human factors have a largely 
epistemic probability of failure, and this led natu-
rally to the reinstatement of the expert as central to 
the uncertainty assessment. Hence the analyst be-
came an expert; or rather the analysts became a 
panel of experts. The experts were asked not to con-
sider the probability of failure to manage an inci-
dent as the complement of the uncertainty of suc-
cess, but instead to consider each instance, or 
“failure scenario” individually, model its failing be-
haviour, and quantify the uncertainty of occurrence 
of the situations and collective team behaviours 
causing each scenario. 

For each scenario in which emergency operation 
failed, the overall uncertainty of occurrence is fun-
damentally epistemic, since it involves exceptional 
and unobservable events (each partially describes a 
failure to manage an incident in a nuclear power 
plant). However, the scenarios are structured quali-
tatively, in a way that makes explicit the particular 
context in which they could occur. If the trigger for 
the particular incident is known, the probability that 
a particular context will occur can be linked to data 
about either the process (sensor failure, particular 
size of breach), or the operators (experience, team 
organisation). The probability may then be deter-
mined by a frequentist approach, because it can be 
measured in practice or in simulated conditions. The 
decomposition of the description of the failure helps 
the experts to assess qualitatively and quantitatively 
the failure, as suggested by Scott Armstrong 
[SCOTT 1975]. 

The other part of the uncertainty arises either be-
cause the properties of the constructed context are 
poorly understood, or because, in the particular 
situation envisaged, operators can choose what to 
do, so that their behaviour has an irreducible sto-
chastic part. Because the process of operator choice 
cannot be observed, this behaviour cannot be de-
scribed or evaluated other than as random, unless 
expert judgement is used.  

It could be said that the first-generation methods 
are rather like models containing all possible wrong 
emergency operation actions, described as functions 
of variables characteristic of the unit, the task and 
the operators. It should be noted that these universal 
models are often constructed before the unit being 
studied has itself been built, and are based on an 
enduring characteristic of human behaviour, that is, 
human error. The method is then applied by assign-
ing values to the variables (standard control room, 
task complex but rehearsed during training, experi-
enced operators etc.). The model automatically sup-
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plies the failure probability, and epistemic uncer-
tainty over the result arises only if the analysts 
make the wrong choices or if there is uncertainty 
over the data input. In other words, assumptions in-
ternal to the generic modelling of operator behav-
iour reduce all epistemic uncertainty over operator 
behaviour to a stochastic uncertainty represented as 
operator variability. Consequently, expert judge-
ment is used only to compensate for inadequate in-
put data. 

MERMOS reduces its assumptions about opera-
tor behaviour to three: 

 the failing emergency operation must be 
consistent with the context 

 the failing emergency operation can be 
described in systemic terms (the team in-
teracting with the interface and the pro-
cedures) 

 the failing management behaviour is at-
tributable to one particular context from 
among the set of contexts associated 
with the triggering event 

These hypotheses are based on observation of 
simulations and on disaster analysis. Apart from 
them, MERMOS does not assume any generic 
operator behaviour, and in particular the method 
does not assign any probability to generic behav-
iour, apart from its residual probability. The only 
quantification is an arbitrary value assigned to 
the minimum probability of task failure, to allow 
for the fact that an analyst cannot imagine all the 
ways in which failure could occur. 
Epistemic uncertainty about operator behaviour 
is therefore not addressed by this method, and 
remains in the domain of expert judgement. For 
the case under review, the analyst considers the 
particular characteristics of the unit and the op-
erators, defines the exceptional contexts, and 
uses them to envisage and describe management 
behaviours that could plausibly cause failure. 

3 THE USE OF EXPERT JUDGEMENT 
WHEN APPLYING MERMOS IN A 
PRODUCTION ENVIRONMENT 

3.1 The analyst as expert  

Conducting an HRA requires specialists with 
expertise in reliability, the operation of nuclear 
power plants and reactor management. Normally, of 
course, analysts are among the first to be chosen. 
Those with the two other specialist skills are not 
necessarily experts in human reliability. The opera-

tional expert is often the person who designs proce-
dures. He rarely has personal practical operational 
experience but instead knows in theory about inci-
dent situations which never happen in practice. He 
is often bad at envisaging the pitfalls and difficulties 
of working in an unstable situation. The operators 
themselves and the trainers are, of course, often 
taken to be experts in emergency operation, but 
their knowledge in this area is clearly limited to 
training simulations, with no real learning by ex-
perience. Operators’ actual experience of incidents 
is, fortunately, limited, and as operations improve, 
the number of times an operator carries out an 
emergency shutdown during his career can be 
counted on the fingers of one hand. Instead, trainers 
and operators gain their knowledge of incident 
management from full-scale training simulations 
where the objective is to rehearse procedures and 
how to manage them in exceptional circumstances. 
Their experience is therefore slanted towards suc-
cessful emergency operation, or towards the prob-
lems in applying procedures, since training sessions 
are no better than reality at addressing situations of 
global failure, as defined in the criteria for a Prob-
abilistic Safety Assessment. We came to this con-
clusion after testing a version of the SLIM method, 
where the operators took part in simulations: one of 
the advantages of including operators in the HRA 
process is to give them the status of co-researchers, 
rather than of research subjects.  

These three sources of expertise are therefore in-
dispensable to an HRA, but they are proficiencies 
not directly relevant to the failure of human factors. 
If we think of expertise as consisting of two 
parts, substantive expertise (knowledge relevant to 
the research issues), and normative expertise (the 
ability of the expert to present his knowledge in the 
required way), it is clear that this second and neces-
sary part will rarely be found outside the area of 
Probabilistic Safety Assessments. As an example, 
the specialists discussed above only rarely under-
stand the concept of conditional probability. They 
still need to be consulted as fully as possible (as de-
termined by the analyst) but they cannot play a cen-
tral role in applying MERMOS. It is the HRA ana-
lyst himself, at the conjunction of the three areas of 
operations / human factors / reliability, who has the 
capability to act as expert.  

Thus MERMOS demands that, apart from his 
skills in reliability, the analyst knows about human 
factors, process operation, and behaviour and its or-
ganisation. A human-reliability analyst with this 
rare combination of necessary skills is ipso facto an 
expert. But the over-riding factor is that the HRA 
approach particularly requires that the expert be ca-

169



pable of assessing the results of applying the meth-
ods (FH6, FH7 or MERMOS). This is because the 
ultimate value of the measurement must be vali-
dated or corrected by an expert: the final figure 
must be the expert’s opinion. 

3.2 Collective expertise 

Apart from expert witnesses in legal cases, evalua-
tion by expert judgement generally means an 
evaluation using a number of experts, to reduce in-
dividual bias. To elicit and aggregate expert judge-
ments, a choice needs to be made between a 
mathematical approach, where each expert is con-
sulted individually and the analyst combines their 
opinions mathematically, and the panel approach, 
where the experts work together to arrive at a con-
sensus [CLEMEN 1999]. As discussed above, we 
consider that the analyst should be considered as an 
expert, and thus for MERMOS, we incline towards 
the second approach, the group consensus. How-
ever, an even more compelling reason is the need to 
persuade the experts to collaborate between them-
selves and to circulate as much information as pos-
sible interactively, so that each expert profits from 
the knowledge of others. It has proved very useful 
to have an analyst in the team with wide experience 
of management behaviour (an ex-trainer and/or ex-
operator). In addition, methodological issues, di-
rectly linked to the analyses themselves, have 
caused EDF R&D to do more than simply maintain 
the method. 

Thus we have ended with an ad-hoc panel of ex-
perts, based around analysts working to MERMOS. 
This panel uses its collective expertise to assess the 
uncertainty associated with human factors. 

3.3 Pragmatic compromises: limiting bias 
without invalidating the method 

Initially, the expert judgements were collected using 
a separate method (RETADE), based on existing 
methods. After experience gained from the initial 
applications of MERMOS, MERMOS was adapted 
to incorporate RETADE. Some compromise was 
necessary between the theoretical requirements for 
an optimal process, and the operational constraints. 
For instance, complex mathematical treatment of 
each expert assessment was ruled out, in view of the 
number of individual evaluations required (200 
analyses in total per PSA, each with on average 
about a dozen scenarios, and around five values to 
quantify per scenario).  

3.3.1 Selecting and training the experts 
 

A group of HRA analysts, usually chosen from the 
PSA analysts, was set up for each PSA. Our experi-
ence led us to recommend that the qualitative analy-
sis should be carried out by one analyst, then 
checked by another, and that finally a panel of three 
experts (possibly including the two previously in-
volved, and including at least two HRA analysts), 
should check the qualitative part and then do the 
quantification. The experts were not themselves 
calibrated: various studies have shown that calibrat-
ing has very little influence on the final result 
([WINKLER 1971]), and in any case, it would have 
been too cumbersome for our purpose. 

The experts were trained in MERMOS but more 
particularly, they were strongly encouraged to make 
their own observations using a full-scale simulator 
when training, or during dedicated simulation trials 
on full-scale simulators carried out as part of re-
search. Although initially the sole objective of these 
observations was to gather data for the HRA analy-
ses, it became clear that they had the significant 
added value of helping the analysts to a full under-
standing of how human factors really operate in the 
control room. This is how they have become ex-
perts, by reconciling their theoretical knowledge 
and engineering design practices with the reality of 
how operators work together. 

3.3.2  Reusing existing analyses 
 

These methodologies help, but producing failure 
scenarios for human factors is still a labour-
intensive exploration of the improbable, and argu-
ment from difference is a very valuable aid. Thus 
the analyst will first look to see if a similar analysis 
has been done before, and if so, extrapolate it to ar-
rive at the new situation. This process is facilitated 
because MERMOS offers high-level and structured 
qualitative deconstruction. When seen in perspec-
tive, this use of the delta method [sic] looks in fact 
like the reuse of expertise invested in existing 
analyses. 

3.3.3 Quantification: development of the 
initial RETADE procedure 

 
The RETADE procedure was initially seen as a 
simplification of Nominal Group Technique (NGT) 
[DELBECQ 1975], where participants were encour-
aged to interact, but where nevertheless their opin-
ions could be aggregated mathematically after a 
single iteration of brainstorming. RETADE was de-
signed to calculate the consistency between the 
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opinions of the experts using the Kendall consis-
tency coefficient, and to aggregate the estimated 
probabilities, using the rule suggested by Seaver 
[SEAVER  1978] and Bordley [BORDLEY 1982]. 
As noted above, we have restricted the number of 
experts to three, and in the same way, we have dis-
carded the consistency calculation and quantitative 
aggregation in favour of a simple rule demanding 
that the opinions converge on a single value. If all 
else fails, we use a majority vote. On the other 
hand, we have retained the requirement for confron-
tation and interaction between several opinion-
holders. 

4 THE ULTIMATE VALUE OF THE PROCESS: 
DEVELOPING AND BENEFITTING FROM 
OUR KNOWLEDGE OF FAILING 
EMERGENCY OPERATION  

This method should give us a method of collective 
working, to help us construct, reuse and update our 
knowledge about the behaviour of reactors that fail. 
It should not tell us to wait until an HRA is required 
and then give us a way of extracting what we need 
from the knowledge we assume is in the expert’s 
head. The analyst is now central to our approach, 
and has expert status: but rather than develop an ap-
proach that selects and calibrates individual experts, 
we are working towards a collective expertise 
which we want to make a capital asset - and hence a 
reusable knowledge base.  

Our objective is to increase both the qualitative 
description within MERMOS, and the evidence 
supporting the structured description of failure sce-
narios. Each failure scenario is represented as a sub-
analysis of a hypothetical incident, and we obtain 
these sub-analyses from the theoretical models de-
vised by experts, and based on their experience. 
Experts acquire their experience through studying 
behaviour, either seen in simulations or during 
feedback from actual operations. 

Each new HRA must be viewed as an enhance-
ment of the capitalised knowledge in the MERMOS 
analyses, either because it updates that knowledge 
as the HRA it itself updated, or because it extends 
that knowledge by analysing a new stage.  

5 A TOOL THAT SERVES THE PROCESS: 
THE IDAFH KNOWLEDGE BASE 

If an HRA is seen as a dynamic capitalisation of 
knowledge of incident management behaviour, then 
its further development should be directed towards: 

 Improving the access analysts have to 
knowledge. This knowledge includes both 
data on potential behaviour (the existing 
MERMOS analyses), and data on known 
behaviour (the reports of observations of 
behaviour in a simulator or during real inci-
dents, and the information needed to esti-
mate how frequently the contexts causing 
the failure scenarios occur), 

 Providing a support tool that helps analysts 
to apply MERMOS, and encourages them 
to improve both the evidence for their 
judgements and their identification of the 
knowledge items they use, 

 Capitalising the analyses and data we use, 
both to enhance and to update our knowl-
edge of failing incident-management behav-
iour, 

 Ensuring analyses can be reused using dif-
ferent input data. This could be frequentist 
data (to measure the effect of changes to the 
data), or epistemic expert judgements on 
behaviour (to predict the sensitivity of the 
final results using data analysis). 

EDF R&D is therefore carrying out research 
with the company PROTECTIC and the CNRS 
(Centre National de la Recherche Scientifique: 
National Centre for Scientific Research) of the 
CRAN (Centre de Recherche en Automatique: 
Centre for Research on Automatic Control) 
laboratory in Nancy into a new MERMOS sup-
port tool. The IDAFH (Intégration des Données 
et des Analyses de Fiabilité Humaine: Data & 
Human Factors Analyses Integration) knowl-
edge base is currently at the design stage. The 
analyses will be structured using Bayesian net-
works, linked to a standard documentation da-
tabase. 

6 CONCLUSION 

HRA started as an attempt to exclude expert judge-
ment as far as possible. However, today we see the 
assessment of human reliability essentially as an as-
sessment of the epistemic uncertainty in the behav-
iour of operators in a nuclear power plant under 
specific circumstances. It follows that our approach 
must recognise the central status both of the analyst 
as expert, and also of collective expertise that draws 
on the individual skills essential to assessing the re-
liability of behaviour. Methods such as MERMOS 
avoid getting bogged down in the negative aspects 
of expert judgements; instead they assimilate such 
judgements to the best advantage by developing ex-
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pertise, and making it yield new knowledge. This 
new knowledge needs to be capitalised in order to 
be reused, and reuse further refines the knowledge 
base and improves the Probabilistic Safety Assess-
ment.  

We consider that by developing the HRA in this 
way, it will reflect better and better the effect of 
human factors on the safety levels in our units, as it 
incorporates more and more feedback from experi-
ence, real or simulated. At first, we will see HRAs 
used as decision-making tools, but perhaps the most 
important result will be its contribution to the safety 
culture in entities involved in carrying out HRAs. 

7 REFERENCES 

Bordley, R.F., (1982), ‘A Multiplicative Formula for Ag-
gregating Probability Assessments’, Management 
science, volume 28, Issue 10, pages 1137-1148 

Clemen R. T., Winkler R. L., (1999), ‘Combining Prob-
ability Distributions from Experts in Risk Analysis’ 
Risk Analysis, Volume 19, Issue 2, pp. 208-224. 

Delbecq, A. L., Van de Ven, A. H. and Gustafson, D. H. 
(1975) Group Techniques for Program Planning, a 
Guide to Nominal Group Technique and Delphi 
Processes, Scott Foreman. 

Ed M. Dougherty and Martin A. Stutzke, (1997),  ‘Epis-
temic uncertainty and stochastic time reliability cor-
relations’, in Volume 58, Issue 3, December 1997, 
Pages 225-232, RESS (Reliability Engineering & 
System Safety). 

Hall R.E et al., (1982), ‘Post Event Human Decision Er-
rors : Operators Action Tree/Time Reliability Corre-
lation’ - NUREG/CR-3010 - US.NRC 

Hirschberg S. , (2003), CSNI Topical Opinion Paper on 
Human Reliability Analysis in PSA, OECD Nuclear 
Energy Agency. 

Hutchins E. , (1995), ‘Cognition in the Wild’, MIT Press, 
Cambridge. 

Hofer E., (1996), ‘When to separate uncertainties and 
when not to separate’, in ‘Treatment of Aleatory and 
Epistemic Uncertainty’, Special Issue, Volume 54, 
Pages 113-118, (1996) RESS (Reliability Engineer-
ing and System Safety). 

Le Bot P., Gallet M., Deriot S., Primet J. , (2003), ‘Les 
données des PSA : fiabilité des matériels, défaillances 
de cause commune, facteurs humains’, in RGN (Re-
vue Générale du Nucléaire 2003 n°1 January-
February. 

Le Bot P. , (2004), ‘Human Reliability Data, Human Er-
ror and Accident Models – Illustration through the 
Three Mile Island Accident Analysis’, in ‘Human Re-
liability Analysis: Data Issues and Errors of Com-
mission’ Volume 83, Issue 2, Pages 127-274 (Febru-
ary 2004) RESS (Reliability Engineering and System 
Safety). 

Cooper S. E. & al, (1996), ‘A Technique for Human Er-
ror Analysis (ATHEANA)’, NUREG/CR-6350, US-
NRC. 

OECD, (2000), ‘Human Reliability - Errors of Commis-
sion’, report NEA/CSNI/R(2000)11. 

Parry G. W., (1996), ‘The characterization of uncertainty 
in Probabilistic Risk Assessments of complex sys-
tems’, in ‘Treatment of Aleatory and Epistemic Un-
certainty’, Special Issue, Volume 54, Pages 119-126, 
(1996) RESS (Reliability Engineering and System 
Safety). 

Paté-Cornell M. E., (1996), ‘Uncertainties in Risk Analy-
sis’, in ‘Treatment of Aleatory and Epistemic Uncer-
tainty’, Special Issue, Volume 54, Pages 195-112, 
(1996) RESS (Reliability Engineering and System 
Safety). 

Rasmussen J. , (1983), Skills, Rules and Knowledge ; 
‘Signals, signs and symbols and others distinctions in 
human performance models’. IEEE SMC n°3. 

Reason J. , (1990), ‘L’erreur humaine’, Le Travail Hu-
main PUF, 1993, translation of ‘Human Error’ 

Seaver D. A.,(1978), ‘Assessing probability with multiple 
individuals: Group interaction versus mathematical 
aggregation’ (Report No. 78-3). Social Science Re-
search Institute, University of Southern California. 

Scott Armstrong J. & al , (1975), ‘The Use of the De-
composition Principle in Making Judments’, pub-
lished in Organizational Behavior and human Per-
formance, 14, pages 257-263. 

Swain A.D., Guttman H.G. , (1981), Handbook of hu-
man reliability analysis with emphasis on nuclear 
power plant applications, US Nuclear Regulatory 
commission technical report NUREG/CR 1278. 

Winkler R.L., Murphy A.H. (1971), ‘Probability Fore-
casting: The Aggregation of Information’, Proceed-
ings of the International Symposium on Probability 
and Statistics in the Atmospheric Sciences. Boston: 
American Meteorological Society, 83-89 

Winkler R.L., (1996), ‘Uncertainty in Probabilistic Risk 
Assessment’, in ‘Treatment of Aleatory and Epis-
temic Uncertainty’, Special Issue, Volume 54, Pages 
127-132, (1996) RESS (Reliability Engineering and 
System Safety). 

8 FIGURES 

See next page. 

172



Figure 1 : MERMOS process 
 
 

 
 
Figure 2 : Typical Scenarios of failure for the mission 
“Feed and bleed after  Total Loss of  Steam generator 
Feedwater” 
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Figure 3 : Quantification of Scenario N°1 :  
Scenario probability is the multiplication of the prob-
abilities of each of its elements. Probability of each ele-
ment is assessed by expert judgement. 
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1 INTRODUCTION 
 
In the field of structural integrity there is a need to 
move towards more realistic estimates where uncer-
tainties are modelled with probabilistic approaches. 
There are several degradation mechanisms for 
which no validated structural reliability tools are 
available, and even for the better-known mecha-
nisms, different models may produce quite different 
results. The scarcity of operating experience and the 
quality of data limit the use of statistical ap-
proaches. In order to obtain numerical estimates for 
structural reliability issues, the use of structured ex-
pert judgement may be the best way forward. 

Formal expert judgement has become a rather 
well established tool in connection to risk assess-
ments. However, its application in the field of struc-
tural reliability of nuclear power plant components 
seems to be rather limited. One application related 
to passive components of nuclear power plants 
worth mentioning is a recent USNRC project on 
Loss of Coolant Accident (LOCA) frequency de-
velopment (USNRC 2004). The objective of the 
project was to develop piping and non-piping pas-
sive system LOCA frequency distributions as a 
function of rupture size and operating time from the 
current day up to the end of the license extension 
period. The final report of the study has not been 
published yet. 

In order to identify specific features of the appli-
cation of formal expert judgement in structural reli-

ability issues, an internal case study was developed 
at JRC-IE. The main aim was not to solve a real 
structural integrity problem, but rather to obtain 
useful experience for developing guidelines for 
formal expert judgment applications in the area. 

In this case study, a process of formal expert 
judgement consisting of the following steps was 
adopted:  

 
1. Identification and selection of issues about 

which judgements of experts should be made. 

2. Identification and selection of experts. 

3. Training of experts and definition of variables 
to be elicited. 

4. Individual work of experts. 

5. Elicitation. 

6. Analysis and aggregation of results and, in case 
of disagreement, attempt to resolve differences. 

7. Documentation of results, including expert rea-
soning in support of their judgement. 

 
These are the typical steps of an expert judge-

ment process. Even if various references (see e.g. 
Otway & Winterfeldt (1992), Cooke & Goossens 
(2000)) have a slightly different list of phases, es-
sentially the procedure is similar. 

In this paper, the case study the lessons learnt 
are presented. 

 

ABSTRACT: An internal case study has been conducted at JRC Institute for Energy with the aim of gaining 
experience on applying formal expert judgement process in the field of structural reliability. In the case 
study, four internal experts were asked to make a probabilistic assessment of the time to failure of an initial 
crack in the steam penetration weld of a hypothetical operating reactor.  The experience obtained from the 
case study is intended to serve as a basis for proposing guidelines for expert judgement applications in the 
field of structural integrity. This paper describes the case study and lessons learnt. 
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2 DEFINITION OF THE CASE AND 
SELECTION OF EXPERTS 

In the early phase of planning of the case study, 
some criteria were set. First, the case should present 
a structural integrity problem. Second, the case 
should be as realistic as possible. Third, the limita-
tions in the work resources of experts should be 
taken into account. These implied that the case 
definition had to include the necessary input infor-
mation, leaving at the same time enough room for 
judgements on the uncertainties involved. 

2.1 Case definition 

The structural case to be analysed was defined as 
the assessment of the time-to-leak and time-to-
rupture in a hypothetical advanced gas-cooled reac-
tor steam penetration. The case was fictitious, but 
realistic assumptions were made on material charac-
teristics and loadings. 

The setting is described in the following. The 
experts were acting as engineering consultants on 
behalf of a fictional utility which operates 26 units. 
A second utility (operating 14 units) has experi-
enced the occurrence of several cracks, all found in 
a specific circumferential weld of the reheat inlet 
penetrations throughout the fleet of its units. The 
steam penetrations are high safety-significant com-
ponents, as a guillotine break of one of the circum-
ferential welds would possibly lead to serious con-
sequences. For this reason, the second utility has 
been forced to shut down some of its units, while 
the others are operating at reduced power. The nu-
clear regulator has required a probabilistic assess-
ment of the structural integrity of the similar com-
ponent at “our” utility, but for several reasons (e.g. 
pressure to avoid shutting down further plants dur-
ing the winter months, lack of time, lack of required 
expertise) the only way forward as short-time solu-
tion is identified in the use of expert judgements. 

The case definition provided information on the 
component geometry, material properties and ap-
plied loading. For many of the input parameters, a 
mean value and 95 % confidence limits were pro-
vided. These values are typically available in mate-
rial handbooks in a similar form. The applied load-
ing was simplified, defining realistic pressures and 
temperatures. A purely fictional operating history 
was given. 

The case description included data regarding 
depths and lengths of the cracks detected in the 
similar components at the plants belonging to the 
other utility. This data was completely artificial. 
The idea was that experts could use it for their 

judgement concerning the size distribution of an ini-
tial crack. 

Experts were asked to judge the presence of pos-
sible degradation mechanisms, but from the setting 
it was rather clear that fatigue would govern the 
crack growth. Fatigue crack growth is commonly 
modelled with the Paris law 

 
mKC

dn
da

∆=  (1) 

 
Where  da = crack growth 
    dN = number of cycles 
    ∆K = stress intensity factor range 
C and m are material parameters. The stress in-

tensity factor is a function of applied loading and 
crack geometry. 

In order to help the experts assessing the number 
of cycles, the case description also contained a his-
togram of average number of annual reactor trips 
from a 20 years operating period. 

The experts were asked to answer the following 
questions: 

 
1. Given the presence of a postulated crack, what 

would be the probability of such defect to grow 
to a leak before the occurrence of a rupture 
(guillotine break)?  

2. For the cases in which a leak occurs prior to a 
rupture, what would be the distribution of the 
time to achieve such state (leak)? What would 
be the distribution of the time to achieve a guil-
lotine break assuming that the leak goes unde-
tected? 

3. For the cases in which a rupture occurs without 
prior leak, what would be the distribution of the 
time to achieve such state (break)?  

 
The case definition document also included short 

guidelines for preparing individual reports. The ex-
perts were asked to document in writing all the 
relevant assumptions made in order to obtain the fi-
nal answers, such as the distributions chosen for the 
various uncertain parameters, the procedure used to 
carry out the analysis, the models used, the codes 
and standards employed, etc. 

The experts were also asked to give an estimate 
of the total time dedicated to solving the problem. 

2.2 Experts 

Requirements for selecting experts for formal 
expert judgement exercises have been formulated 
e.g. in the “Procedures Guide for Structured Expert 
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Judgement” (Cooke & Goossens 2000). These crite-
ria are: 

 
1. Reputation in the field of interest. 
2. Experimental experience in the field of interest. 
3. Number and quality of publications in the field 

of interest. 
4. Familiarity with uncertainty concepts. 
5. Diversity in background. 
6. Awards. 
7. Balance of views. 
8. Interest in the project. 
9. Availability for the project. 

 
Due to its nature, not all these requirements 

could be completely fulfilled for the case study pre-
sented herein. Four technical experts were invited to 
take part in the exercise to evaluate the case. Only 
one of the experts had previously had some hands-
on experience on probabilistic fracture mechanics, 
while the others had mainly experience in determi-
nistic structural analyses. One of the experts made 
clear from the beginning that he did not consider 
himself as a specialist in structural integrity calcula-
tions, but rather in manufacturing and welding tech-
niques. Only one expert declared that he had some 
previous experience on assessing leak-before-break. 
All the experts showed a keen interest in taking part 
in the exercise. 

A team of three normative experts and one gen-
eralist conducted the exercise. Two normative ex-
perts had a systems analytical background and one 
had a solid background in statistics. Two of them 
had former experience of being normative experts 
in formal expert judgement. The generalist had ex-
pertise in structural engineering and experience in 
probabilistic structural analyses. 

3 TRAINING OF EXPERTS AND DEFINITION 
OF VARIABLES TO BE ELICITED 

3.1 Expert training  

Ideally, the experts should have a solid background 
in probability theory and statistics. However, this is 
often hard to achieve, especially these are not used 
daily in their work. Even if the experts are familiar 
with most of the concepts, they may lack knowl-
edge of subjective interpretation of probability and 
may not be aware of e.g. the cognitive biases related 
to judgements. A training session is thus an impor-
tant part of the expert elicitation process. 

In order to familiarise the experts with the proc-
ess of providing subjective assessments and under-
standing the issues related to subjective probability, 

a training session was given. This attempted to 
achieve the following: 

 
• Familiarise the experts with the expert judge-

ment process and motivate them to provide for-
mal judgements. 

• Give training on the concepts and the laws of 
probability, and on expressing judgements for-
mally. Due to the context of the application, an 
emphasis was put on lifetime distributions. 

• Inform the experts about possible cognitive bi-
ases in expert judgement and the application of 
debiasing techniques. 

• Solve simple exercises. 
 
In the exercises, the experts were asked to pro-

vide 5%, 50% and 95% quantiles for the distribu-
tions of seed variables. Afterwards, the true values 
were shown. The experts tended to be overconfident 
in their assessments, and this fact was pointed out 
and discussed with them. However, the results of 
the exercises were not used for calibrating the ex-
perts. 

3.2 Definition of the variables and guidance for 
analyses 

There should be a clear definition of the issues on 
which experts have to make judgements. The ex-
perts had obtained the case description beforehand. 
After the training, the case was presented and ex-
plained to the experts, and they were asked to make 
any comments they felt relevant and to point out 
any vagueness or inconsistencies in the case defini-
tion. The ensuing discussion led to small changes 
and specifications in the case description. 

The experts were left completely free to choose 
their preferred approach to solve the problem. As 
deterministic structural assessments are typically 
made using (often overly) conservative assump-
tions, it was pointed out that, in order to assess best 
estimates, care should have been taken in this re-
spect. Further, they were reminded that it is essen-
tial to identify the most important uncertainties. Ex-
perts were encouraged to contact the normative 
experts if they needed assistance in their analyses. 

4 INDIVIDUAL ANALYSES OF EXPERTS 

After the training meeting, which included also the 
case presentation and discussion, the experts per-
formed their analyses individually. A collective 
meeting (in which all technical and normative ex-
perts participated) was arranged to discuss the ex-
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perts’ preliminary analyses. In principle, the experts 
should have performed their analyses beforehand. 
The meeting was supposed to be a forum in which 
the experts had the opportunity to discuss their 
analysis approaches without presenting the final 
numerical estimates. 

At the time of the meeting, most of the experts 
had not performed their analyses, and thus they 
mainly presented ideas of how to analyse the case. 
However, it was decided to proceed with the indi-
vidual analyses without further joint discussions. 

After giving the experts more time, the next step 
was to elicit them individually. During the course of 
the study, at the individual elicitation interviews 
and during the subsequent scrutiny of their analy-
ses, some misinterpretations of the case definition 
and modelling/calculation errors were identified. 
The experts were thus asked to correct these errors 
and to clarify some issues.  

In the following the main assumptions employed 
by the experts are summarised. 

4.1 Expert A  

Expert A identified early that the result would be 
mainly dependent on the crack size distribution. He 
thus concentrated his efforts to first define such dis-
tribution. In order to do so, he used the given (arti-
ficial) crack size data from the units belonging to 
the other utility, but corrected the distribution by 
taking into account the low probability of detecting 
small cracks. He then fitted a truncated exponential 
distribution to the adjusted defect distribution. A 
fixed aspect ratio was used in the calculations. 

Fatigue was assumed to be the only acting dam-
age mechanism. Expert A assumed a normal distri-
bution for the fracture toughness of the material, 
used mean values for the tensile properties, and also 
assumed constant (lower bound) material parame-
ters, C and m, in the crack propagation law (Eqn. 1). 
Sensitivity checks by varying the loads were also 
made. 

For the calculations, expert A used a self-
developed MATLAB programme, normally used to 
carry out probabilistic structural integrity calcula-
tions for other purposes. This program was able to 
directly provide probabilities of failure.  

The failure criteria that expert A used was com-
parison of material (initiation) fracture toughness, 
KIC, with stress intensity factor, KI. No direct check 
was made on plastic instability, but the KI estima-
tion scheme took into account a plasticity correc-
tion. A crack was assumed to have failed (break) 
when either KI at the crack tip became greater than 
KIC or when its depth reached the weld thickness. 

Therefore, no assessment of leak-before-break was 
done. 

The final expert A’s results are still missing at 
the time of this paper’s submission, mainly due to 
an additional request of clarifications and further 
calculations from the normative experts. 

4.2 Expert B 

Expert B used his expertise on materials and 
welding techniques to judge the relevance of the de-
fect data from the other plant. He concluded that the 
probability of having an initial defect deeper than 8 
mm is 0.05. A defect depth of 4 mm was used as the 
median. He therefore only partially considered the 
data regarding the sizes of the defects found by the 
other utility. 

Fatigue due to load cycling during operation was 
considered the only crack growth mechanism. 

In order to perform the analysis, expert B wrote 
an EXCEL Visual Basic routine implementing a 
simplified calculation of the stress intensity factor. 
He analysed both the case of a semi-elliptical crack 
and of a fully circumferential crack. The latter cal-
culation was carried out to provide confidence using 
a more conservative assumption for the defect type. 
For these two cases, he made three deterministic 
analyses corresponding to the 5%, 50% and 95% 
fractiles. 

Crack propagation law parameters were assumed 
to be constant. 

The failure criteria used by expert B was a dou-
ble (independent) comparison of (a) initiation 
toughness, KIC, with stress intensity factor, KI; and 
(b) of ligament stress, σ, versus ultimate tensile 
strength, UTS. A crack was assumed to have failed 
(break) when either KI at the crack tip became 
greater than KIC or when σ became greater than 
UTS. A simplified assessment of leak-before-break 
was carried out. 

4.3 Expert C 

Expert C also adopted an approach that was ba-
sically deterministic, aimed at calculating a mean 
“best-estimate” value of life and a lower 95% 
bound. The 95% percentile values were estimated as 
follows: 

 
• Assume normal defect distribution and nor-

mal distribution of log(A) in the Paris law. 
• Assume that above variables are independent. 
• Use deterministic life values at the 97.5% 

level to provide the lower bound. 
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The life distribution was assumed to be ap-
proximately log-normal. 

No variation in the loading was taken into ac-
count when determining the crack critical sizes. 

Fatigue was judged to be the only degradation 
mechanism. 

The expert used the leak-before-break assess-
ment approach (called "detectable leakage" ap-
proach) suggested in the R6 procedure (section 
III.11.4). The approach consists of the following 
three steps: 

 
1 Determine the limiting length, 2cc, of a through 

wall defect under the most onerous loading con-
ditions using lower bound material properties.  

2 Calculate the length, 2cL, of a through-wall de-
fect that leaks at the minimum detectable rate 
under normal operating conditions.  

3 Assess whether 2cL is less than 2cc. 
 
The failure criteria used by expert C was based 

on the R6 Fracture Assessment Diagram, where 
proximity to instable crack initiation and to plastic 
collapse are simultaneously assessed.  

4.4 Expert D 

Having rather limited experience on probabilistic 
modelling, expert D based his judgement on few de-
terministic calculations. In all calculations, a crack 
having the same size was considered. The depth of 
the crack was set to 13 mm, which was the depth of 
the deepest crack found at the other utility. The cal-
culation was carried out assuming an axisymmetric 
(fully circumferential) crack. 

Fatigue was judged to be the only degradation 
mechanism. 

Residual stresses were not considered. Accord-
ing to the expert, this is a conservative assumption, 
since the stresses would be compressive on the in-
ner surface of the weld. 

Expert D wrote an EXCEL routine to perform 
his calculations. A simplified model was used for 
the calculation of the stress intensity factors. From 
the data provided in the case description, the expert 
used the conservative 95% values in his first calcu-
lation. Since the crack growth was very slow even 
with these conservative assumptions, the expert 
made some additional calculations with 99% values 
(parameters were assumed to be normally distrib-
uted). 

4.5 Concluding remarks of experts’ analyses 

All the experts based their crack propagation 
modelling on the assumption that fatigue is the only 
possible crack growth mechanism, and applied the 
Paris law (Eqn. 1). All the experts concluded that 
the crack growth is very slow, and thus the only 
possibility for having a leak or a break during the 
lifetime of the plant is when the initial crack is very 
large. 

Some major differences in the analysis ap-
proaches were related to the assumptions concern-
ing the initial crack distribution. Expert D assumed 
only one highly conservative crack size. Experts A, 
B and C considered the length-to-depth ratio of an 
elliptical crack to be constant, but this ratio varied 
from 15 to 40 between experts. Expert D considered 
only an axisymmetrical crack. 

Another difference was identified in the calcula-
tion of the stress intensity factor. Some of the ex-
perts used simplified models. 

There were differences between experts in the 
definition of a failure. Expert A made direct com-
parison between the stress intensity factor and the 
material toughness, making no direct checks regard-
ing the occurrence of plastic collapse, although his 
stress intensity factor solutions were corrected for 
plastic effects. Expert B made a double comparison 
based on the stress in ligament versus the ultimate 
tensile strength, and on stress intensity factor versus 
material toughness. As soon as one of the two is ex-
ceed, failure is achieved. Expert C used the R6 ap-
proach (failure assessment diagram) also assuming 
that a crack exceeding 80% of the wall thickness 
would snap through (leak) and thus reclassifying it 
as fully-penetrating crack. 

The judgments concerning leak before break 
seemed to vary a lot at first sight. However, the dif-
ferent opinions could partly be explained by differ-
ent interpretations of the question. One expert con-
sidered only failures within a reasonable time 
period, i.e. approximately the design lifetime of a 
plant. Another expert based his judgement on an 
unlimited number of cycles. It must be recalled that 
the experts did not consider variation in the ratio be-
tween crack depth and length in their analyses. This 
might have influenced the results of leak before 
break evaluations. 

5 RESULTS 

Initially it was intended to aggregate the lifetime 
distributions obtained from experts. As the crack 
propagation was very slow and thus the probability 
of having a failure within a reasonable time (compa-
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rable to plant lifetime) was very small, full lifetime 
distributions seemed to be meaningless.  

In Figure 1 the results obtained from three of the 
experts are presented. The plot shows the number of 
fatigue cycles needed to reach the failed state. As 
differences between judgements are rather large, it 
would be advisable to have one additional meeting 
with the experts to see whether the results would 
converge after discussions and agreement on some 
major initial differences in basic assumptions. 

If the cycles are converted to years, using the 
same assumption of annual fatigue cycles as was 
adopted by all the experts, the results for the 5 % 
percentile of the time to failure vary between ap-
proximately 100 and 400 years. Thus from a practi-
cal point of view it would be most important to con-
centrate in the definition of the very low percentiles 
of the lifetime distribution. On the other hand, the 
reasons for the spread in e.g. the median values of 
the distributions for estimated cycles to failure are 
certainly of theoretical interest. 

 

10
3

10
4

10
5

10
60

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Fatigue Cycles to Failure

C
um

ul
at

iv
e 

Pr
ob

ab
ili

ty
 

Expert B

Expert C

Expert D

 
 
Figure 1. Results of judgment of three experts, ex-

pressed as number of fatigue cycles to failure. 
 

6 LESSONS LEARNT FROM THE PILOT 
STUDY 

A structural integrity analysis is a rather compli-
cated task. Even the deterministic tools may require 
long calculation times, and thus sampling tech-
niques such as Monte-Carlo simulations may be-
come very time-consuming. In this case study, two 
experts had modelling tools available, while two 
experts made rather simplified calculations with 
EXCEL. 

When a rather good agreement on the model ex-
ists, and the main uncertainties are related to the 
model parameters, the most efficient approach 
would be to agree on the basic modelling principle, 

and use the expertise to develop distributions for 
uncertain parameters. The modelling of fatigue 
crack growth is in principle one of such situations, 
since experts tend to build their analyses on the 
same deterministic approach.  

Naturally, if the uncertainty is not only in the in-
put parameters but also in the model itself, it may 
be better to explore different modelling approaches. 

The experts in this case study were not all famil-
iar with probabilistic analyses. Thus they would 
have needed more support during their analyses. 
Given the rather limited work resources available 
for the experts, it was not possible to provide 
enough training and support in uncertainty propaga-
tion. Even if the experts were encouraged to contact 
the normative experts and the generalist if they 
needed help in their individual analyses, they did 
not do it. Thus, the conclusion is that more active 
follow-up of the individual analyses and offering of 
support might be useful.  

Specific attention should be paid to the quality 
assurance of the analyses. An independent verifica-
tion of the calculations is very important. Alterna-
tively, the experts could be asked to crosscheck 
each other’s analyses. It must be recognised that 
even the best experts may make mistakes, especially 
when working alone on complex calculations. 

It seems that additional training is needed, pref-
erably with practical exercises using some simple 
tools. This training should address issues such as: 

 
• How to determine the parameters of a distribu-

tion from experimental data. 
• How to carry out a sensitivity analysis (matrix of 

runs, to cover various combinations of the input 
parameters). 

• How uncertainties propagate, at least in simple 
cases. 
 
The normative experts should offer, if possible, 

to support the experts with advice on probabili-
ties/statistics and with the use of enhanced software. 

7 CONCLUSIONS 

The internal case study is not yet fully complete, 
and a final review of the results remains to be made. 
However, the main conclusions of the exercise can 
already be drawn. 

Based on the experience obtained from this case 
study, further development of the following issues 
regarding the expert training is recommended: 
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• An example of a deterministic and probabilistic 
structural analysis to highlight the identification 
and treatment of uncertain parameters. 

• Guidance on propagation and management of 
uncertainties. 

 
In the phase of individual analyses of experts, 

close follow-up of the analyses by the team of nor-
mative experts and generalists is recommended. The 
importance of the presence of a generalist when ap-
plying formal expert judgement in the field of struc-
tural reliability must also be emphasised. 

After the completion of the internal case study, 
the intention is to conduct an external case study. 
External experts would be invited at the JRC to 
solve another structural reliability case. The goal 
would be to apply some of the lessons learnt from 
the first case study and derive further input for the 
development of guidelines for formal expert judge-
ment application in structural reliability. 
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ABSTRACT: AVISE is an expert judgement methodology that deals with components ageing anticipation in 
the context of life cycle management. The proposed approach, allows the identification of potential problems 
related to ageing, the measure of risk in terms of degradation probability and degradation consequences and 
gives the adequate solutions to stop or to postpone ageing. This research was undertaken in a particular in-
dustrial context, the nuclear industry. Equipments used in this context are specific and particularly reliable. 
These characteristics result in limited feedback (low number of failures). To compensate for this limited in-
formation, two solutions are proposed in AVISE. The first solution is the use of expert judgement. The sec-
ond one, more original, consists in using the operation feedback of “similar” components. In order to apply 
these solutions and to obtain the anticipation results, a set of methodological tools was developed and tested 
in a real industrial application on a nuclear power plant component: the pressuriser. 

1 INTRODUCTION 

In the framework of good management of the life 
cycle of an industrial installation and a possible ex-
tension of its service life, it is necessary to be able 
to predict the effects of ageing. To do this, one must 
analyse potential failures that may occur and pro-
pose solutions for avoiding them or reducing the se-
riousness of their effects (Bouzaïène & al, 2004). 

AVISE gives solutions to this industrial prob-
lem. Anticipation is by its nature based on feedback. 
However, the data available is not always complete 
or sufficient to carry out the needed analysis. To 
round out and enrich feedback data, AVISE meth-
odology recommends exploiting feedback data on 
"analogous" equipment, "third party" feedback from 
other companies and expert judgement. Then, it be-
comes possible to anticipate potential failures due to 
ageing using both feedback and expert judgement 
(Bouzaïène-Marle, 2005). 

2 AVISE DATA AND PLAYERS 

In any predictive approach, it is essential to be able 
to identify the basic data which can provide useful 

and complete information needed for decision-
making. This information is called "anticipation 
data". It is also important to define clearly the ob-
jectives of the methodology and the end results one 
wishes to obtain. As these results are intended for 
decision-makers, they are called "decision-support 
data". 

Furthermore, it is equally essential to be able to 
localize the different types of information and iden-
tify information flows among the various players 
and knowledge sources. Three types of players are 
identified in the "anticipation" process: the analyst, 
the expert and the decision-maker. 
 The analyst coordinates the anticipation proc-

ess. His role is to gather the information needed 
for anticipation, and to synthesize it to provide 
data for decision-making. To enrich these data 
concerning equipment, the analyst may also 
gather feedback data on equipment analogous to 
that being investigated. 

 The expert has the knowledge and the expertise 
to anticipate failures or degradation mechanisms. 
To do so, he will need a certain amount of data 
and influent variables on the basis of which he 
can make an assessment. 
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 The decision-maker, on the basis of the synthe-
sized data provided by the analyst, chooses the 
"best" solution in accordance with decision-
making processes, while remaining faithful to 
corporate strategic guidelines. The “optimum so-
lution” will often be a compromise. 

3 AVISE EXPERT JUDGEMENT PROCESS 

Function analysis, design documents and, most par-
ticularly, Reliability Centred Maintenance (RCM) 
studies can inform us about the potential failures of 
a piece of equipment. Feedback can provide infor-
mation on failures actually observed in equipment. 
However, if the environmental, operating or main-
tenance conditions or the period of service of the 
equipment change in relation to those considered at 
the time of design, only expert judgement can en-
able predicting the impact of these changes. Using 
the existing data, the expert can identify the poten-
tial failures which might occur subsequent to these 
changes. He is therefore an important player in the 
anticipation process. 

In (Lannoy & Procaccia, 2001), the authors list 
four situations which require recourse to expert 
judgement in the field of dependability: 
 completing, validating, interpreting and integrat-

ing existing data; assessing the impact of a 
change (in design, manufacturing, operation, 
maintenance or environment), 

 predicting the occurrence of future events and 
the consequences of a decision, 

 determining the present state of knowledge in 
the field, 

 providing the elements needed for decision-
making in the presence of several options. 

"Anticipation" relates to three of these situations. 
First, the problem is to complete and validate feed-
back data which will enable identifying a certain 
number of observed failures. Next, one must evalu-
ate the impact of any changes in relation to the ini-
tial design (for example, an extension of the service 
life beyond the period planned at the time of design) 
and estimate the probability of occurrence of future 
events, which the expert must identify and evaluate 
in terms of their seriousness. Lastly, the expert must 
provide decision-makers with the elements needed 
to make their decisions and choose the alternative 
which will enable avoiding or delaying the potential 
failures identified. 

In order to use as best expert judgement in the 
AVISE methodology, a certain number of methods 
for eliciting expert knowledge were examined to 

identify or build up a method adapted to the needs 
of anticipation (Bouzaïène & al, 2002). 

Seven of these methods have been used essen-
tially in nuclear safety applications: 
 CTN-UPM, 
 FEJ-GRS, 
 KEEJAM (Cojazzi & al, 1996), (Cojazzi & al, 

1997), (Cojazzi & al, 1998) 
 NNC, 
 NUREG-1150 (Keeney, 1991),  
 STUK-VTT (Pulkkinen & Holmberg, 1997), 

(Simola & Virolainen, 2000), 
 SEJ-TUD (Cooke & Goossens, 1996), (Cooke & 

Goossens, 2000). 
The six first of them were compared in a benchmark 
exercise for a PSA Study, experiment L-24 of the 
JRC-ISIS, FARO facility for fuel coolant interac-
tion studies in a nuclear reactor accident (Cojazzi & 
Fogli, 2000). 

In addition, we looked at other expert judgement 
methods used in the following approaches: 
 LCM (Life Cycle Management) (Sliter & al, 

2000), (Sliter & al, 2001), (Sliter & Gregor, 
2001), (Sliter, 2003), 

 TRIZ-AFD (for Anticipatory Failure Determina-
tion, as well as for identifying solutions and de-
sign-support) (Kaplan & al, 1999), (Guarnieri & 
Haïk, 2002), 

 RIPBR (Risk-Informed, Performance-Based 
Regulation in nuclear safety and maintenance 
support) (Golay, 2000)], 

 PMDA-PIRT (Proactive Materials Degradation 
Assessment - Phenomena Identification and 
Ranking Table, for anticipating degradation of 
materials due to ageing) (NRC, 2004a), (NRC, 
2004b). 

3.1 Classification of the expert judgement 
methods 

In order to compare the 11 methods studied, we 
proposed to classify them in terms of their suitabil-
ity for the purposes of anticipation and the efforts 
required, using an anticipation/effort diagram. The 
objective was to identify the methods most useful 
for anticipation and which do not require major ef-
forts for implementation (see Figure 1). 

The abscissa axis, representing the effort needed 
for implementation, expresses the ease of 
application of the method. This effort takes into 
account the number of experts to be elicited, the 
number of times they are to be questioned, the time 
needed for the process and the degree of complexity 
of the different elicitation phases and of the tools 
used. 
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The Y axis, more specific to anticipation, 
enables evaluating the suitability of the method to 
this context. This aspect takes into account the 
objectives of the method, the different applications 
made, the multidisciplinary nature of expert teams 
and the suitability of the tools from the perspective 
of anticipation. 

 
Six experts from different disciplines contributed 

to classifying the methods. 
 

 
1 CTN-UPM   7 SEJ-TUD 
2 FEJ-GRC   8 LCM 
3 KEEJAM   9 TRIZ-AFD 
4 NNC    10 RIPBR 
5 NUREG-1150  11 PMDA-PIRT 
6 STUK-VTT 
 
Figure 1. Classification of the expert judgement method-
ology. 
 
This classification points up the existence of three 
families of methods: 
Family 1 falls in quadrants 1 and 4 of the diagram 
and is composed of the CTN-UPM, NNC, TUD and 
FEJ-GRS methods. These methods are of no real in-
terest for anticipation. 
Family 2 falls in quadrant 2 of the diagram and is 
composed of the TRIZ-AFD and LCM methods. 
These two methods seem well suited to anticipation 
and do not require much effort for implementation. 
However, each corresponds only partially to the 
needs of anticipation:  
 TRIZ-AFD enables identifying failures and 

maintenance solutions but gives no means of 
evaluating them. 

 LCM enables identifying and evaluating mainte-
nance solutions in relation to known failures. It 
recommends systematic monitoring of critical 
equipment and proposes solutions in the event of 
an observed failure. This reactive method does 

not, however, enable anticipating failures which 
have never occurred.  

Family 3 falls in quadrant 3 of the diagram and is 
composed of the PMDA-PIRT, RIPBR, STUCK-
VTT, NUREG-1150, KEEJAM methods. All of 
these methods have benefits for anticipation but re-
quire major efforts for implementation. It was there-
fore necessary, for each method, to identify the 
positive points which could be integrated in a global 
anticipation method. The table 1 gives the benefits 
of each method from the perspective of anticipation. 
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Table 1. benefits of each method from the perspective of 
anticipation. 

Method Benefits from the perspective of an-
ticipation 

CTN-UPM The method enables obtaining quantita-
tive estimations; it appears better suited 
to an analysis process. 

FEJ-GRS The breakdown of objectives and the use 
of groups of experts from different disci-
plines correspond well to the objective of 
anticipation. 

KEEJAM This approach based on knowledge engi-
neering is constructive for anticipation 
from the perspective of exploitation of 
knowledge. 

NNC The use of groups of experts from differ-
ent disciplines corresponds well to the 
objective of anticipation. 

NUREG-
1150 

Experts surveyed in two phases, one col-
lective and one individual; corresponds 
quite well to the objective of anticipation 
(creativity and analysis). 

STUK-VTT The use of Bayesian networks to facili-
tate questioning of experts unfamiliar 
with probability concepts is an interest-
ing idea. 

SEJ-TUD The method enables obtaining quantita-
tive estimations; it appears better suited 
to an analysis process. 

LCM The objectives are similar (managing ag-
ing) but the anticipation aspect is insuffi-
ciently developed. A very simple, inex-
pensive method. 

TRIZ-AFD This method of anticipation is above all 
well suited for choosing solutions for 
dealing with a failure. It does not enable 
answering questions related to the rele-
vance and seriousness of potential fail-
ures. 

RIPBR This method of maintenance optimisa-
tion is actually quite close to our objec-
tives. It clearly expresses the need for in-
tegrating anticipation based on expert 
judgement. 

PMDA-
PIRT 

This method corresponds perfectly to the 
objective of anticipation, though it goes 
no further than identification and ranking 
of potential degradation mechanisms. 
The results constitute input data for man-
aging maintenance and the life cycle of 
critical equipment in nuclear plants. 
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3.2 Lessons learned from the analysis 

The analysis showed that none of the methods 
studied really provides a global solution to the ob-
jective of anticipation. However, it did point up cer-
tain characteristics beneficial for building up a 
method for eliciting experts with a view to anticipa-
tion: 
1 Drawing on methods to stimulate creativity (a 

concept found in TRIZ-AFD), 
2 Eliciting experts in two phases: one collective 

and one individual (NUREG-1150), 
3 Breaking down the problem into several steps 

and questioning experts from various disciplines 
(FEJ-GRC), 

4 Formalizing exchange among the experts and 
exploiting existing knowledge (KEEJAM, 
STUK-VTT), 

5 Simplifying the "probability" aspect for the ex-
perts and structuring of results (STUK-VTT). 

Moreover, this bibliographical review of existing 
methods revealed the generic steps in the process of 
eliciting experts. These are: 
1 Definition of objectives 
2 Choice of experts to be elicited 
3 Preparation of the questionnaire: choice of ques-

tions, training experts,… 
4 Elicitation 
5 Aggregation and modelling of expert responses 
6 Synthesis and exploitation of responses  

4 AVISE METHODOLOGY  

4.1 Anticipation process 

A definition of failure anticipation is proposed : 
 Anticipation is the identification of events 

which might be detrimental in terms of safety, 
availability or cost, before they occur, so as to 
evaluate the risks they represent and to prepare 
and implement the appropriate measures of pre-
ventive or special maintenance (Bouzaïene & al, 
2003). 

 Special maintenance involves tasks which are 
generally preventive and non-repetitive; they 
may be generic; they are economically costly. 

This definition implies a specific process to be fol-
lowed to anticipate an event: 
 identify potentially detrimental events, 
 evaluate their consequences and seriousness, 
 prepare and implement the appropriate mainte-

nance measures (to avoid their occurrence). 
Developed in the context of life cycle management, 
AVISE concentrates on anticipating failures due to 
ageing of installations. Any component which ages 
is subject to mechanisms of degradation which act 

on its constituent materials in specific ways. For ex-
ample, passive equipment is subject to the phe-
nomenon of thermal fatigue. 
 Ageing is a process in which the characteristics 

of a component change with time or with use. 
 A degradation mechanism is a physico-

chemical change in the characteristics of a mate-
rial under specific conditions of temperature or 
pressure or in a specific chemical environment. 

This progressive alteration over time may cause 
degradation of the material with measurable effects 
(a crack, for example). With time, this degradation 
may further deteriorate and, beyond a certain 
threshold, may cause a partial alteration or a total 
loss of function in the component. In that last condi-
tion it is a failure which appears by a failure mode 
(e.g. a leak). 
 A failure is the loss of capacity on the part of a 

set of components to perform the required func-
tion(s) at the level of performance defined in the 
technical specifications. 

Thus, to anticipate failure due to ageing, it is essen-
tial to identify the degradation mechanism which 
may initiate it (trigger). Its relevance must also be 
evaluated, considering the evolution over time of 
the measurable effects it may have (kinetics). Next, 
the corresponding failure modes and their conse-
quences should be determined. It is then possible to 
identify the maintenance measures needed to avoid 
or slow the mechanism. However, in the context of 
life cycle management, the efficiency of these main-
tenance measures from the perspective of safety, 
availability and costs must also be considered.  

The process of anticipation would seem to be 
more suited to passive components. Generally, such 
equipment is subject to only one degradation 
mechanism. The kinetics of degradation are slow 
and progressive. If the equipment cannot be re-
placed, its lifetime may condition that of the instal-
lation as a whole. Replacement of such components 
can only be exceptional and occasional. 

However, active components important for 
safety or critical in terms of maintenance costs or 
availability may also deserve anticipatory measures. 

Unlike passive components, active components 
are those subject to significant wear, often quite 
rapid, due to several compounded degradation 
mechanisms; they are subject to preventive mainte-
nance operations, and in some cases, replacement. 

For active components, we cannot identify the 
degradation mechanisms which trigger the failure; 
we must therefore identify the degradation or failure 
modes and anticipate failure, understanding that a 
mode may be attributable to several mechanisms. 
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We can now list the different steps in the antici-
pating process of potential ageing failures: 

Step 1- Identification of the potential 
degradation mechanisms (for a passive component) 
and the potential failure modes (for an active 
component) 

Step 2- Assessment of the relevance of these 
mechanisms 

Step 3- Analysis and ranking of the relevant 
mechanisms (or modes): potential failures (kinetics, 
seriousness, measurable effects, consequences) 

Step 4- Identification of potential avoidance so-
lutions and assessment of the suitability of these so-
lutions in terms of efficiency and cost.  

4.2 Description of the AVISE  methodology 

Having presented the anticipation process (see pre-
ceding section), we shall now describe the essential 
features of a global method for anticipation, the dif-
ferent phases it implies and the various methods and 
tools required. 

Because expert judgement is a prime source of 
information for anticipation purposes, it is impor-
tant to allow for this in building up the methodol-
ogy. The bibliographical review we carried out in-
dicated that there is a generic process that should be 
reproduced in any expert assessment process. 

Thus building the methodology requires integrat-
ing the process of eliciting experts in the overall 
failure anticipation process. We therefore define as 
follows the global method for anticipating potential 
ageing failures: 

Phase 1- Definition of the context and objectives of 
the AVISE methodology 

To question experts, it is necessary to explain 
clearly the context of the study and what results are 
hoped for. 

Phase 2- Identification and gathering of the infor-
mation needed for anticipation 
This phase will enable the analyst, generally not an 
expert in component behaviour, to determine the 
information that will help him dialogue with the 
equipment experts and put the right questions. 

For the elicitation phase, this information will 
provide input data which will help stimulate expert 
responses. During this phase, one type of informa-
tion is particularly needed: data feedback on failures 
in equipment different from the equipment studied 
but made of the same materials and with similar de-
sign and manufacturing procedures, found in the 
same operating or maintenance environment or ful-
filling the same functions. We call such equipment 
"analogous" equipment. 

Phase 3- Anticipation process 
The different steps in this phase are those of the 

anticipation process. At each step, experts are ques-
tioned as described earlier (see the section 2.2). 

Thus at each step, one must set objectives for the 
survey, identify the experts to be questioned and 
choose the questioning procedure: individual or col-
lective questioning. 

A certain number of tools and methods have 
been chosen or implemented to guide or facilitate 
the elicitation phase, depending on the final 
objective: a method for stimulating expert 
knowledge for the step in which potential 
degradation mechanisms are identified, the use of 
Bayesian networks to evaluate the relevance of the 
mechanisms, or the choice of the TRIZ method to 
identify potential avoidance solutions. 

Phase 4- Synthesis and knowledge capitalization 
In this phase, we are seeking to exploit the re-

sults of the process but also the different phases that 
led to these results. To exploit the results of the an-
ticipation process, we need an easy-to-use format 
which allows us simply to retrieve the information 
we need so as to facilitate their reuse and updating. 

If we are studying a given component, we must, 
for each component/ degradation mechanism pair, 
exploit data on the material that may be affected by 
the mechanism, the operating conditions that pro-
moted the appearance of the mechanism, its meas-
urable effects, the failure modes, existing feedback, 
monitoring procedures and preventive maintenance 
procedures. When we have this data, we will be 
able, in future studies, easily to retrieve feedback on 
"analogous" equipment. 

Furthermore, at the end of the study, the analyst 
must provide the results to the decision-makers and 
participating experts. This can be done in a 
document that sums up the results of the AVISE 
methodology. 

5 APPLICATION TO A PASSIVE 
COMPONENT IN A NUCLEAR PLANT: THE 
PRESSURISER 

To validate the AVISE methodology, it has been 
practically applied to a passive component: the 
pressuriser, a component which enables checking 
pressure in the primary cooling system of a PWR 
nuclear power plant. The test enabled evaluating the 
feasibility of the methodology and identifying any 
difficulties encountered in actual practice. 
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5.1 Phase 1 - "Definition of the context and 
objectives of the anticipation process"  

This phase has been carried out using a document 
that summarizes the industrial context of anticipa-
tion, as well as the objectives. Various definitions 
and the methodology phases were presented. This 
document has been sent to the selected experts who 
then accepted to participate in the practical applica-
tion. 

5.2 Phase 2 - "Identification and gathering of 
information needed for anticipation" 

This phase enables finding the data needed for an-
ticipation. A manual for finding pertinent data was 
produced. It will make this phase easier in future 
practical applications. 

The result of this phase has been presented in a 
document containing all the information required 
for anticipating the condition of the pressuriser. 

The following information is useful. 
 

 Functional data 
Functional data includes the global equipment 
functions and the function-equipment break-
down, which breaks equipment down into 
groups of components performing the same 
function. 

 Design data 
These data include all elements relative to design 
of the component. They group the equipment 
components, the technical diagrams, the geomet-
ric dimensions of the different components, the 
materials used, the manufacturing procedures 
and the related costs. 

 Data on materials 
These data relate to the different materials used 
to make up the component. They group the 
chemical and mechanical characteristics of the 
materials, their properties and a description of 
any welds (if appropriate). 

 Operating parameters 
Operating parameters include the temperatures, 
pressures, flowrates and chemical environments 
of the component in question. 

 External environment data 
These concern the ambient environment in 
which the equipment operates, and its interac-
tions with other components. 

 Operating data 
These data relate to the different operating 
modes for the equipment, the number of cycles 
and the number of hours of operation. 

 Maintenance data 

Maintenance data relate to preventive mainte-
nance programs, but also include the various 
costs of maintenance, data on obsolescence, 
regulations and reports on safety, reliability and 
ageing.  

 Feedback data 
These include traditional feedback from the 
company, feedback on "analogous" equipment 
and from plants outside France, and reports on 
reviews of the state of the art. 

In the application, it became clear that the informa-
tion most useful for drawing up a list of the poten-
tial mechanisms and modes were technical dia-
grams, operating and environmental data and 
feedback data. 

5.3 Phase 3 - "The anticipation process" 

The following paragraphs describe the application 
of the four steps of the anticipation process: 

Step 1 - Stimulation of expert knowledge to identify 
potential degradation mechanisms 

This identification step is very important as one 
must identify the degradation mechanisms which 
could be the source of potential failures. 

The analyst knows the degradation mechanisms 
identified in Reliability Centred Maintenance stud-
ies on the equipment in question (where they can 
occur) and those effectively observed on the com-
ponent and reported in feedback. To identify new 
mechanisms, he may make use of a global list of 
degradation mechanisms provided in the AVISE 
methodology. This global list, a master list, was 
built after consulting several studies on degradation 
mechanisms. 

Feedback on analogous equipment is another 
helpful source. A component made of the same 
materials may have undergone failures due to 
degradation mechanisms which had not been 
identified for the component being studied. In this 
case, one must see whether or not the conditions 
under which they appeared , suggest that one might 
anticipate failures in the equipment being studied. 

Preparation of the group meeting  
Starting with the global list of degradation 

mechanisms and failure modes, the method devel-
oped provides for several successive filters (see 
Figure 3). These filters oblige the experts to go over 
the global list and eliminate irrelevant mechanisms 
in accordance with a predetermined logic. To com-
plete the global list and ensure that the final list is 
exhaustive, the experts are asked to do a prelimi-
nary exercise: each must note down the potential 
degradation mechanisms and failure modes for the 
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pressuriser. The new mechanisms are integrated in 
the global list before the group survey. 

Six experts with varying professional back-
grounds accepted to participate in this first step: a 
pressuriser expert, a reliability and feedback expert, 
an expert in equipment materials, an expert in deg-
radation mechanisms, a chemical expert and an ex-
pert in mechanics and plant operation. The two 
documents produced in phases 1 and 2 were sent to 
the experts. Two moderators presented the informa-
tion and questioned the experts; two scribes re-
ported on the process and provided the results of the 
questioning. 

 

 
Figure 3: experts elicitation to identify potential degrada-
tion mechanisms. 
 
Results and evaluation of the method 
 The group meeting enabled identifying 42 poten-

tial " zone/degradation mechanism/failure 
mode". 

 Six degradation mechanisms (e.g. stratification 
due to thermal fatigue) and two ageing effects 
(e.g. thermal cracking) were added to the initial 
list by the experts. 

 The "multidisciplinary" aspect was much appre-
ciated by the experts, and judged to be important 
and necessary. 

 The method was judged efficient with regard to 
long-term and accidental degradations. 

 The method was judged exhaustive thanks to the 
use of the global list, which prevented omis-
sions. 

Step - 2 Study of the relevance of the degradation 
mechanisms: example of the Bayesian network 

Among the degradation mechanisms identified 
in the first assessment step, a certain number may 
be found to be irrelevant. To verify their relevance, 
we must consider all the parameters which may lead 
to their appearance. The tool needed to facilitate the 
expert's job must identify any cause-effect relation-
ship among several parameters which might pro-
mote the appearance of the degradation mechanism 
in question. 

A causal diagram fills this need perfectly but the 
expert cannot always say with certainty that the 
degradation mechanism is relevant; he can only 
give an approximate opinion, since he is projecting 
into the future. To quantify these approximations, 
there is a tool which links probability values to a 
causal diagram: the Bayesian network. 

 

Potential pairs: zone/ mechanism 

Expanded list of degradation mechanisms and aging effects

Global list of degradation mechanisms and aging effects

Sub-list 2: sensitive mechanisms and 
modes for the component materials in 
the considered operating environment 

Sub-list 1: sensitive mechanisms and modes for 
the component materials 

List of potential mechanisms and modes 

This graphic representation of the cause-effect 
relationships among the different parameters and 
the relevance of the degradation mechanisms allows 
the expert to visualize links which were only tacit in 
his mind. However, he is not always able to associ-
ate probabilities with these different links, but may 
give more or less favourable opinions. It is then the 
role of the analyst to pose the appropriate questions 
which will later enable establishing probabilities. 

The first step is to build the network structure. 
To do this, we had to identify the parameters with a 
bearing on the relevance of thermal fatigue. One 
expert helped to build the network and another 
validated the structure. This network may be 
considered to be generic and may now be applied to 
any component subject to thermal fatigue. 

The output node is the relevance of thermal fa-
tigue after N years of operation, with the possibili-
ties: yes/no, taking into account the usage factor al-
ready consumed. It gives the probability that the 
fatigue mechanism is relevant or not. The network 
is composed of 7 input variables in 2 or 3 modes 
and of 4 intermediate variables in 2 or 3 modes. 

The a priori probabilities are given by feedback 
or expert judgement. The conditional probabilities 
were most often given by expert judgement. 

As the expert is not always able to associate 
probabilities with the different variables, a ques-
tionnaire was drawn up for the experts. The analyst 
can then express the experts' qualitative responses 
in terms of probabilities. 

Example of one question 
Do you think that the number of transients after 

N years will be "low" or "high". The possible an-
swers for each mode are 1: impossible, 2: possible, 
3: probable, 4: very probable, 5: certain.  
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The analyst then associates probabilities to this 
scale. 

Step - 3 Analysis and ranking of the relevant 
mechanisms 

In this step, the AVISE methodology provides 
another Bayesian network which allows to evaluate 
the impact of one degradation mechanism on the 
component ageing. Several parameters involved in 
the component ageing are considered in this 
network: kinetics, maintenance procedures and 
feedback data for example. 

The output node gives the impact of one degra-
dation mechanism on the component ageing: 
yes/no. This probability may be an input data for 
further reliability analysis. The network is com-
posed of 9 input variables in 2 or 3 modes and of 5 
intermediate variables in 2 or 3 modes. It was built 
and validated by expert judgement. 

Step 4 - Identification of potential avoidance solu-
tions and assessment of the suitability of these solu-
tions in terms of efficiency and cost 

In this step, the analyst organized an experts 
meeting. As in the first step, six experts with vary-
ing skills took part in the application. Three pairs 
zone/degradation mechanism, considered as critical 
in the previous step, have been studied. For each 
one, the expert team had to: 
- identify the ageing effects, 
- evaluate the efficiency of current maintenance, 
- identify potential solutions to provide a more 

efficient maintenance and to avoid or postpone 
the degradation mechanism effects. 

5.4 Phase 4 - "Synthesis and knowledge 
capitalization" 

A document that sums up the results of the AVISE 
methodology application to the pressuriser was sent 
to the participating experts and to decision-makers. 
Finally, the construction of a conceptual data model 
and specifications were given for the creation of an 
ageing database. The data to capitalize was identi-
fied on the basis of the research undertaken in the 
thesis (Bouzaïène-Marle, 2005). 

6 CONCLUSION 

The AVISE methodology allows to anticipate 
potential failures due to ageing. It consists in four 
phases: the definition of the context and objectives, 
identification and gathering of the information 
needed for anticipation, elicitation of experts, 
synthesizing and exploiting results. 

When eliciting experts to obtain input for 
anticipation, four steps are proposed to identify 
potential degradation mechanisms (for passive 
components) or potential failure modes (for active 
components), study the relevance of these 
mechanisms (or modes), analyse and rank the 
relevant mechanisms (or modes): potential failures 
(kinetics, seriousness, effects of ageing, 
consequences) and finally identify potential 
avoidance solutions and examine the relevance of 
these solutions in terms of efficiency and cost. 

Having reviewed the state of the art in expert 
judgement methods, we identified a generic process. 
At each step described above, we then referred to 
this generic process which consists in defining the 
objectives behind the questions, choosing the 
experts to be consulted, preparing the questionnaire 
(selecting questions), eliciting the experts, 
aggregating and modelling the experts' responses 
and finally synthesizing and exploiting the question 
results. 

The AVISE methodology was applied to a pas-
sive component in a PWR nuclear power plant: the 
pressuriser. This application enabled evaluating the 
feasibility of the methodology and identifying any 
difficulties encountered practically. This chapter 
presents some results of this application and some 
different tools that have been used: implementation 
of a method for stimulating creative responses in the 
framework of a meeting of experts from different 
disciplines to identify potential degradation mecha-
nisms, use of Bayesian networks to assess the rele-
vance of the identified mechanisms. 

This approach was developed for a specific in-
dustrial context which is the nuclear industry. It 
could be applied to other sectors which make use of 
installations and components with long lifetimes 
and which use specific technologies and are subject 
to high safety constraints. Generally, in that case 
when feedback is weak, the benefits of anticipation 
are therefore the more important and the more valu-
able. We might point to the example of the aero-
space or chemical industries. In these particular sec-
tors, certain specific equipment can be very 
expensive, and replacement poses significant tech-
nical problems and can paralyse operation. 

Finally, the approach developed here enables 
identifying potential problems which may be caused 
by ageing, and adapting maintenance so as to limit 
the consequences. It should therefore be an essential 
first step in any predictive technico-economic study, 
as it enables assessing the physical condition of 
components. 
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ABSTRACT : The main issues raised by the estimation of lifetime parametric models used in industrial mo-
delling of reliability are censoring and FED (Feedback Experience Data) sample size. Many studies are facing
homogeneous, small-sized, censored failure times which have to be integrated into Bayesian procedures with
informative prior parameter. This way of dealing with statistical inference has been especially followed by EDF
for predicting failures on nuclear material. The example of the Weibull distribution will be here thoroughfully
treated. Firstly experts have to be asked about the durability of a material with precise and simple questions.
According to the choice of the considered model, prior point estimations and con dence intervals about pa-
rameters must be given, directly or indirectly, by experts. Secondly ef cient modelling has to be chosen for
informative prior distributions. Once, it must produce posterior distributions easily estimated by classical me-
thods. But computation complexity is often a limiting factor of Bayesian inference. The impact of prior choices
on posterior results must be simple to derive. Then, hyperparameters of these prior distributions must be eva-
luated linking the intrinsic properties of the prior densities (mean, mode, variance, etc.) with expert information
on parameters.

1 INTRODUCTION

The context of our study is typically the esti-
mation of durability parametric models using high-
censored small samples of failure times (called FED).
Classical methods of likelihood maximization failed
for these reasons and the use of Bayesian tools are
highly recommended (Bacha et al., 1998). For many
reasons (cost, loss of know-how, etc.) but mainly
because very few real failure data are available on nu-
clear materials, EDF R&D needs integrating expert-
ness from engineers, technicians, etc. into ef cient
informative prior distributions for durability models.
The Weibull distribution W (η ,β ) (described in §2)
being the most used model in all reliability/durability
problems, studying the integration of FED and expert
data in Weibull prior distributions is of paramount
importances.

2 NOTATION

Time random variable : T .
Weibull pdf : fW (t) = β

ηβ tβ−1 e−( t
η )

β

I[0,+∞)(t).

Weibull hazard rate : hW (t) = β
η ( t

η )β−1.
Weibull parameters : λ = 1/η , µ = λ β = 1/ηβ .
Prior distribution on θ : π(θ).
Posterior distribution on θ knowing x : π(θ |x).
Gamma (a,b) distribution : G (a,b).
FED : xn = (x1, . . . ,xn) including

• r uncensored data yr = (y1, . . . ,yr)
• n− r censored data cn−r = (c1, . . . ,cn−r).

3 WEIBULL INFERENCE

3.1 Prior conditioning

The scale parameter η is directly linked to life-
time T , by the mean, median and mode of the Weibull
distribution. Moreover it takes the 63rd percentile va-
lue of the distribution. The Weibull likelihood does
not admit any continuous conjugate distribution for
the parameters (Soland, 1966) when β is unknown.
However conjugate prior distribution on η can be de-
 ned conditionally to β .

De nition 1 : Generalized Inverse Gamma distribu-
tion.
∀(a,β ,b) ∈ (IR∗+× IR∗+× IR∗+), ∀x ∈ IR+,

fG I G (a,β ,b)
(x) =

baβ
Γ(a)

1
xaβ+1 e−

b
xβ 1[0;+∞)(x).

Suppose π(η |β )  G I G (a,β ,b). Denote µ = λ β .
Then π(µ |β ) = G (a,b) and, using the Bayes’ rule,

π(µ |β ,xn) = G

(

a+ r,b+
n

∑
i=1

xβ
i

)

,

π(η |β ,xn) = G I G

(

a+ r,β ,b+
n

∑
i=1

xβ
i

)

.

191



Using conjugate prior Gamma distributions for µ
knowing β allows to simplify prior modelling and
posterior estimation correcting. Posterior estimations
will be derived from full conditional sampling of β
sampling (by importance sampling or MCMC algo-
rithms). We note that the prior control on a is condi-
tional to r while the prior control on b is conditional
to the FED values and β (see Billy et al., 2005). Thus
the µ parameter will be introduced into inference and
the Bayesian model can be described by

T  W (µ ,β ) with

π(β ,µ) = π(β ) π(µ |β ) = π(β ) G (a,b(β )) (1)

3.2 Questioning experts for building prior distribu-
tions

The choice of π(β ) and the hyperparameters a
and b must be related to the answers given by one or
several experts. Usually, they give quantities linked
to lifetime T and reliability. An independent analyst
must translate these expert opinions into quantities
regarding η and β . By the fact that β is a shape para-
meter of the model it is more dif cult to link T and β
than T and η .

3.3.1 Choosing π(β ) from expert opinions

The shape parameter β gives a measure of the
aging behavior of the system. However, an expert is
not supposed to give direct values of β . If the system
is submitted to aging, the prior variation domain for
β , named Ωβ , is included into [1,+∞). Some preci-
sions can be provided indirectly by one or many ex-
perts. Notably  ve understandable questions around
the aging behavior have been proposed in Bacha et
al. (1998).

One of the most interesting is questioning around
the possibility of aging acceleration. For instance, the
acceleration of aging is translated by hW (t) ≥ 0 ∀t
which means β ≥ 2.

Another way is the proposed approach in Bier-
nacki et al. (1998, p.15). A value of β is obtained
from a question on the ratio r between two mea-
sures hW (t0) and hW (t1) of the hazard rate of the sys-
tem at different times t0 and t1. If an expert can give
r = hW (t1)/hW (t0), then an analyst obtains a value

β = 1+
logr

log t1 − logt0
.

However no reliability expert is expected to ans-
wer to this question. Hoping to be more understan-
dable for experts, we propose another question. We
ask to an expert the probability pt0 and pαt0 for the
studied component to break down before time t0 and
before time αt0 with α > 1. Then pt0 = 1− e−µtβ

0 et
pαt0 = 1− e−µαβ tβ

0 . So

1− pαt0
1− pt0

= e−µtβ
0 (αβ−1) = (1− pt0)

αβ−1

⇒ β =
1
α

log(1− pαt0)

log(1− pt0)
.

This way of asking an expert is more realistic. In
reliability an answer under the form of a probability
value seems less sensitive to uncertainty (and more
honest) than direct values on quantities (already noti-
 ed in IsdF (2000) and Clarotti (1998)).

Finally all expert can only propose indirectly
some pointwise values for β or interval bounds for
Ωβ . With no particular preference for one of them, a
simple way of building π(β ) is to start from a large
domain Ωβ including all possibilities, and choosing a
prior uniform model

π(β ) = U Ωβ .

We denote Ωβ = [βl ,βr]. Note that a non-informative
prior distribution on β is obtained when βl → 0 and
βr → ∞. Very often, Ωβ = [1,5] is chosen as a handy
informative prior domain.

3.3.2 Choosing hyperparameters of π(µ |β )

We consider two kinds of expert opinions. An ex-
pert is supposed to give

• a single value tm which represents (according
to him) a mean/median/mode of T .

• or two values (quantiles) (tl , tr) which surround
the mean of T with con dence 1−α .

The value of a must be independent of β and
 x ed conditionally to r, according to the will of the
analyst to confront the prior modelling to the Weibull
likelihood of FED. As an object of critical analysis
of expert opinions, it will be especially studied in §4.
According to the formula (1), the b values must be
chosen conditionally to β .

Note that conditionally to β , a measure t of T can
be converted into a value for η , using explicit trans-
formation formulas from the Weibull characteristics

192



(mean/median/mode/quantiles). Typically the value t
is right-shifted because the value of η is always above
the Weibull mean/median/mode.

Case A : one prior value tm available.

Conditionally to β , tm can be converted into an es-
timation of the prior mean of η using the following
relations (mean/median/mode)

Ẽ [η |tm,β ] =
tm

Γ(1+1/β )
,

Ẽ [η |tm,β ] =
tm

(1−1/β )1/β ,

Ẽ [η |tm,β ] =
tm

(ln2)1/β

With η  G I G (a,β ,a) conditionally to β , we
choose

E [η |β ] =
Γ(a−1/β ) b1/β

Γ(a)
= Ẽ [η |tm,β ]

⇒ b(β ) =

(

Γ(a)

Γ(a−1/β )
Ẽ [η |tm,β ]

)β
.

Case B : two prior values (tl , tr) available with
con dence 1−α .

Conditionally to β , (tl , tr) can be converted into
(ηl(β ),ηr(β )) including E[η |β ] with con dence 1−
α .

ηl(β ,α) =
tl

Γ(1+1/β )
, ηr(β ,α) =

tr
Γ(1+1/β )

.

Moreover, with η  G I G (a,β ,a) conditionally to
β , an interval for E[η |β ] with con dence 1 −α is
known :

(

2b
χ2

2a(1−α/2)

)1/β
≤ E[η |β ] ≤

(

2b
χ2

2a(α/2)

)1/β
.

This con dence interval leads to de ne a interval
Ωb(β ) for b(β ) whose bounds are

bl(β ) =

(

Γ(a)

Γ(a−1/β )
ηl(β ,α)

)β
,

br(β ) =

(

Γ(a)

Γ(a−1/β )
ηr(β ,α)

)β
.

De nition 2 : Integration of expert opinions by least
square method.
In order to decide one b(β ) from both information
(ηl ,ηr) coming indirectly from expert opinion, we de-
 ne the integration criterion of expert opinion as

IntE(a,b,β ,α) =

√

[

ηl(β )−
(

2b
χ2

2a(1−α/2)

)1/β
]2

ηl(β )

+

√

[

ηr(β )−
(

2b
χ2

2a(α/2)

)1/β
]2

ηr(β )
.

The minimization of IntE(a,b,β ,α) criterion on
Ωb(β ) is realized with

b∗(β ) =
1
2

[

(χ2
2a(1−αE/2))

1/β

ηl
+

(χ2
2a(αE/2))

1/β

ηr

]β

[

(

χ2
2a(1−αE/2)

ηl

)2
+
(

χ2
2a(αE/2)

ηr

)2
]β .

The graph (η ,β ) of joint prior sampling generally
respects the classical form which re ects the antago-
nist behavior of both parameters (Fig. 1). It is well
known that estimations of η are often underestimated
while β is overestimated (and conversely).

0 20 40 60 80 100

1.
0

1.
5

2.
0

2.
5

3.
0

3.
5

4.
0

eta

be
ta

Figure 1. Typical form of the joint prior con dence
area for the Weibull parameters

3.4 Posterior estimation

Such a conditioning way of building our prior dis-
tributions makes easy the use of Bayesian sampling
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algorithms. Moreover, the missing data context makes
data augmentation methods desirable (Robert, 1994).
Each step of algorithms corresponds to a simulation
of the conditional posterior pdf of both parameters
(µ ,β ). The most dif cult part, at each step, in these
stochastic algorithm is sampling from the conditio-
nal posterior of β whose pdf is not explicit. Many
ways exist to circumvent this dif culty , for instance
acceptation-rejection methods.

The nature of missing data and the will of get-
ting rapidly a good approximation of the posterior
pdf have led to the choice of importance sampling
algorithms proposed in Douc et al (2005) and Celeux
et al (2005), called Population Monte Carlo algo-
rithms (PMC). The stabilization of conditional poste-
rior sampling is reached in very few iterations.

4 CRITICAL ANALYSIS AND ADDITION OF
EXPERTNESS

In Billy et al. (2005), the critical analysis of an
expert corresponds to the choice of a size for a  cti-
tious sample which is supposed to represent the expert
opinion. In our case, the hyperparameter a represents
this trust in the expert opinion and must be directly
compared to the characteristics of the REX data.

Remark : If a ∈ IN, denote (yi(β ))i∈{1,a} such an unk-

nown Weibull  ctitious sample. Then b(β ) =
a
∑

i=1
yβ

i

(see Billy et al. (2005)).

Thus, if we suppose that β is known (indepen-
dently from expertness), the posterior pdf of µ and
η are entirely known. There is no need of Bayesian
sampling and a can directly be compared to r (the
number of uncensored failure times).

However, if β is considered as a random variable,
the use of data augmentation algorithms in Bayesian
procedure makes preferable the comparison between
a and n (the size of the sample).

Note that in case of a two-values (tl , tr) opinion,
the note a and the con dence 1−α can evolute in
parallel for decreasing the trust given in an expert.

Considering an expert as a "provider" of  ctitious
data allows to combine expert opinions in concatena-
ting all  ctitious data. Indeed, the prior domain Ωβ
has been created using all the available experts and

stays the same for each modelling. Suppose we have
M experts (Ei)i∈{1,...,M} give time information (tEi)
and that they lead to the modelling on µ de ned by

π(µ |β , tEi) = G (ai,bi(β )).

Then the general prior modelling get from combining
experts opinions will be

π(µ ,β ) = π
(

µ |β ,∪i∈{1...,M} tEi

)

π(β )

= G

(

M

∑
i=1

ai,
M

∑
i=1

bi(β )

)

U Ωβ (β ).

Note that this combination must be realized with
care. The total size of  ctitious data

M
∑

i=1
ai must be put

in comparison with information quantities from real
data , especially the Fisher information term ñ of the
data (see Billy et al., 2005). For instance, if the same
importance is given to the real data and the addition
of all experts, a multinomial choice of ai in ]0, ñ] or
a constant choice ai = ñ/M (if there is no preference
between the experts) can be made. Because we work
generally with high-censored small-sized samples, ñ
is often fewer than 20. This implies to choose small
values of ai, which can oppose to an exaggerated self-
con dence of the experts.
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ABSTRACT: On behalf of a group of experts from the Dutch production sector, a Decision Analysis model 
was made to quantify the value of taking specific measures to influence forced unavailability. The measures 
involved are measures to reduce High Impact Low Probability failures, to reduce failures by better Root 
Cause analysis and measures to improve maintenance. The model is based on the construction of Influence 
Diagrams and programming into an Excel Business model. Input is based on expert judgment,  databases and 
results from other models. The powerplant itself is described by super-components (boiler, turbine, genera-
tor, gasturbine). 

1 INTRODUCTION 

Forced unavailability (FOR) costs in the Nether-
lands have reached the level of production costs. 
When under central production planning and unit 
commitment a power plant was unavailable, another 
power plant higher in the merit order took over the 
load of this unavailable plant. The cooperating pro-
duction companies acting in Sep charged only the 
difference in production costs, mainly fuel costs. 
However, under the influence of liberalization, for a 
number of years an auction system is in effect now 
that results in average FOR costs of abt. 40 
EUR/MWhr for the first few hours, with peaks of 
over 1000 EUR/MWhr. These “balancing costs” 
cause a strong signal to keep forced unavailability 
low. Also because of liberalization, production 
companies reduced their direct costs with regard to 
manpower and maintenance costs. This has resulted 
in a problematic environment with regard to un-
availability: the costs of unavailability have risen 
while the means to influence availability have be-
come scarcer.  

 
A model is made for a Delft university disserta-

tion that describes in a quantitative way the forced 
unavailability (FOR) of a power production unit 
within a plant as well as the means to influence it. 
On behalf of a group of experts from the Dutch pro-
duction sector, NRG (a daughter company of ECN 

and KEMA) accelerated the development of this 
model in order to quantify the results of taking spe-
cific measures to improve FOR. The specific meas-
ures under consideration are measures to prevent 
High Impact Low Probability failures and measures 
to prevent repetitive failures. The relation between 
planned unavailability and FOR was coarsely mod-
eled, as well as the effect of the type of plant opera-
tion (start stop / cycling versus base load). The 
model is heavily dependant on expert judgment 
with regard to some influence factors in combina-
tion with simple models (meta-models, super com-
ponents) for planned and forced unavailability. In 
the paper the construction of the dissertation model 
is described in combination with the setup for ex-
pert judgment. Factual expert opinion from the 
Dutch utilities is still to be received. 

2 FORCED UNAVAILABILITY OF POWER 
PLANTS 

Forced unavailability is partly caused by techni-
cal factors and partly by human factors. Examples 
of technical factors are teething problems with new 
types of equipment, cycling operation causing high 
stress on components and detoriation of the condi-
tion of components by the processes that are inside 
(for example failures of coal mills). Examples of 
human factors are management decisions with re-
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gard to minimal maintenance and cost reduction, 
loss of motivation of personnel for different rea-
sons, etc. Therefore, if one wants to reduce FOR, 
one should pay attention to technical and human 
factors.  

 
If one looks at FOR as a time series, it can be di-

vided into so called High Impact Low Probability 
(HILP) failures and “normal” failures. HILP failures 
are failures with a duration of over a month, that 
occur once or twice over the life of a production 
unit. HILPs result in a sudden increase in the yearly 
average FOR of a power unit. HILPs can occur at 
many components of a production unit and are 
therefore difficult to fight. ESB in Ireland has found 
that by constructing a Failure Mode Effect & Criti-
cality Analysis FMECA it is possible to counteract 
HILPs. The FMECA is constructed in close coop-
eration with the staff at the plant, while making 
management responsible for realizing certain meas-
ures. They may comprise of technical measures (for 
instance a non-return valve in the line to preheaters 
preventing water coming back into the steamtur-
bine) or procedures (human factor, for instance un-
questionably shutting down a unit within hours after 
a possible condenser leak for a unit operating with 
sea cooling water).  

 
“Normal” failures for a power production unit 

show a typical bathtub curve as a function of time. 
After a period with teething troubles, the bottom of 
the bathtub should be in the order of 10 failures on a 
yearly basis and a 5-10 % FOR value. Not all fail-
ures are full outages. While these values are aver-
ages, one should strive for 0 failures and, without 
massive investments in the technical and human 
area, coal fired power plants in base load have 
shown 0 failures for 1 or 2 years in a row. A forced 
unavailability FOR of less than 5 % is considered a 
“good” value. Ageing up to now is a rare phenome-
non. Generally, the number of failures per year 
stays constant up to 25 years of operation and ex-
perience with power plants that are older are scarce. 
From an analysis of US failure data (NERC), Ger-
man data (VGB) and Dutch data, it was shown by 
the author that only a limited number of compo-
nents might be dominant with regard to ageing. 
Also, from failure information at a specific plant, it 
was learned that evaporator failures at that plant 
showing “ageing” were caused for 50 % by cycling 
operations (the construction was not fit for this type 
of operation) and for 50 % by minimal mainte-
nance. Ageing effects may be input to a reliability 
model (Reliability Block Diagram RBDA) to inves-
tigate life extension activities. Per investment, prof-

its can be established and compared to the better-
ment costs. 

 
When one carries out failure analysis, one finds 

that a fraction of the failures is of a repetitive na-
ture. The example in figure 1 shows that the prob-
lem as such was not directly recognized, that the 
cause was not established in sufficient detail and 
that the same problem occurred 4 times.  

Figure 1 Problem in a boiler that was insufficiently 
recognised 

 
Recent analysis showed that also for steamtur-

bines, generators and gasturbines these types of 
problems occur. For some components, 30 % of the 
failures is on average repeated within 1 week. Large 
differences in mean time between failures MTBF 
can occur between systems in production units, that 
are contributable to differences in geometry and 
types of systems. An example is the difference in 
MTBF for older types of combustion chambers 
compared to advanced Low Nox burners. The 
MTBF of the older type is lower. One should there-
fore use plantspecific failure data, if necessary 
combined with generic failure data in order to arrive 
at a Best Estimate for FOR.  

3 PLANNED UNAVAILABILITY 

Maintenance costs, planned unavailability and 
forced unavailability FOR are not independent. 
Planned unavailability (overhauls, inspections) is 
carried out in order to limit and, if possible, elimi-
nate FOR. It is possible to reduce both and find a 
cost minimum. Several sources of information show 
a (irregular) picture of both lower forced unavail-
ability and lower maintenance costs. A good plan-
ning of an overhaul is essential, carried out with 
ample preparation time, having a good scope and 
good management during the overhaul itself. In 
practice at power production companies, a formal, 
systematic and timely preparation (which compo-
nents are maintained, are we certain the preparation 
is complete, do we know the condition before the 
next overhaul) is not always present when produc-
tion units are overhauled. Also, it is well known that 
in a period of 1 week after an overhaul, from his-
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torical records the failure rate is higher than in the 
months after the overhaul. 

 
In order to calculate the optimum planned avail-

ability by overhaul & inspection tasks, a possible 
step forward is to model the probability of failures 
of a component as a function of time, to establish 
the degradation pattern trajectory before failure and 
to assess the effectiveness of overhauls. Effective-
ness is defined as: 

− Are failure mechanisms visible / measur-
able during an overhaul 

− If so, are tasks present to investigate the 
mechanism during an overhaul 

− Is the time between overhauls / inspections 
such that we miss certain failures due to 
their fast degradation trajectory 

This should not be confused with overhauls not 
being efficient in the sense that they may be so 
close together in time that in most overhauls no 
degradation is visible. 

For a steam turbine, failure mechanisms were 
investigated by NRG using a Failure Mode Effect & 
Criticality analysis. The cumulative number of fail-
ures (with overhaul as a regular measure to counter-
act FOR) was plotted against operating time as a 
measure for exposure and, given an estimated over-
haul effectiveness for each component, the number 
of failures without overhaul was calculated. Surpris-
ingly, the turbine overhaul effect was small and cal-
culations indicated a weak optimum for a (large) 
overhaul at about half the plant life. It is envisaged 
to extend this analysis to boilers, gasturbines, etc. 
using expert judgement on the remaining life of a 
component, given a certain failure mechanism, and 
including an estimate of how fast the degradation 
occurs (is it linear in time? exponential? double 
exponential?). The process is sketched in figure 2. 

 
Overhaul extensions can be regarded as FOR. 

NRG has carried out risk analyses for overhauls to 
calculate the probability that an agreed duration is 
not met, the agreed budget is exceeded, etc. This 
type of analysis shows the activities and unwanted 
events that are dominant with respect to uncertainty 
in time and costs.  When such an analysis was com-
pared to an actual overhaul, it showed that the 
planned overhaul duration was not met partly be-
cause of unique unexpected problems ((the manu-
facturer had problems welding slipspacers to a new 
superheater, there was asbestos at places not ex-
pected), and partly because problems could be ex-
pected from historic data (for example the HP pres-

sure turbine was late on return from the 
manufacturer). Problems from history and informa-
tion from interviews were taken into account in the 
analysis. The overhaul analysis showed that the 
quality of work from external contractors could be 
below expectations, except from those contractors 
that were already familiar with the plant and had 
been working there before.  

 

 
 
A: degradation to failure trajectory 
 
 
 
 
 
 
 
 
 
 
 
 
 
B: failure prevented by monitoring, inspection & 

stops 
 
Figure 2 Remaining life of a component 
 
The background information on overhauls given 

indicates that they can possibly be described by a 
crude meta-model with the parameters effectiveness 
of the overhaul, frequency of overhaul, probability 
of overhaul extension and a period with higher than 
“normal” failure rate after the overhaul. This is 
sketched in figure 3. A more elaborate quantitative 
model for the relation overhaul - FOR can be used 
for a cost-benefit analysis to balance the costs of 
overhauls and the costs of FOR. 
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Figure 3 Meta-model for overhaul effectiveness 

4 MODELLING WITH INFLUENCE 
DIAGRAMS 

In 1995 KEMA carried out an advanced cost-
benefit assessment of a portfolio of R&D projects 
for the Dutch utilities in order to assess the prob-
ability of technical success in combination with the 
commercial value of the projects using Decision 
Analysis according to Howard & Matheson (1983). 
This is the Stanford school of using influence dia-
grams in a very interactive way with experts, quan-
tification of the diagrams with Excel spreadsheets, 
showing the parameters that drive the value to pro-
ject leaders and allowing decision makers optimiza-
tion of the portfolio. Those involved in the cost-
benefit assessment received extensive training from 
the Strategic Decision Group SDG. It was found 
since by NRG that the technique is easily trans-
formed to other problems in the techno-economical 
field, such as Life Extension of power plants, Cost 
Benefit assessment for modifications, etc.  

 
Influence diagrams according to the Stanford 

school should be build interactively with experts on 
the subject under consideration. Applying logic to 
the problem under consideration should lead to in-
fluence factors that need to be subdivided in order 
to be quantifiable. The subdivision is stopped when 
direct estimates can be given. Uncertain factors can 
be estimated with a Low Value, a Base Case best 
estimate and a High Value. The first step of the De-
cision Analysis model for power plants can be seen 
in figure 4. At the start, four initial nodes are pre-
sent. Decisions are to be taken on the basis of Net 
Present Value for the owner / operator. This is an 
important step, since other relevant matters (for in-
stance safety, effect on environment, costs and 
benefits for society) are not taken into account. 

 

 
Figure 4  Initial influence diagram 
 
Cost and benefits for the owner / operator can be 

calculated when FOR and planned unavailability as 
a function of time are known, given the decision is 
taken or not taken. It is, see also Saaty (2001), un-
wise to directly estimate both time series.  

 
They should be calculated taking other influence 

factors into account.  Therefore, the time series be-
come deterministic, but remain uncertain.  

 
In figure 5 the influence diagram is extended.  In 

order to calculate costs, as a minimum the expected 
life of the unit, the power and the actual age of the 
unit should be added. A good way of checking is to 
apply dimensional analysis.  

5 MODELLING PLANNED UNAVAILABILITY 

Planned unavailability as a time series can be 
build from an overhaul / inspection frequency and 
its accompanying duration. It is common to differ-
entiate into small and large overhauls and to model 
them both as a time series, taking into account years 
that no overhauls are carried out, etc.  This exten-
sion of the influence diagram is also given in figure 
5.  
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Figure 5  Extended influence diagram 

6 MODELLING FORCED UNAVAILABILITY 

On the level of supercomponents the forced un-
availability FOR as a result of “normal” failures can 
be described by a bathtub curve for the average 
number of failures per hr in combination with an 
average downtime that can be different per phase 
(teething troubles, bottom of the curve, ageing pe-
riod), as sketched in figure 6.  The result is an ex-
tended influence diagram per supercomponent. Su-
percomponents result in an efficient description. A 
minimum of supercomponents is necessary given 
the differences in failure characteristics: 

− The boiler, especially that of a coal fired 
unit, is equipped with fans & auxiliaries. 
The boiler causes normally a significant 
number of failures for a production unit. 
However, not all failures are full outages. 

− A steam turbine normally has significantly 
less failures while planned maintenance is 
carried out at larger intervals that the boiler. 
Steam turbines are susceptible to HILP fail-
ures.  

− The characteristics of a generator are simi-
lar to that of a steamturbine, but a generator 
failure compared to a steam turbine failure 
is expected to show a more gradual degra-
dation behavior 

− A gasturbine normally has the largest num-
ber of failures for a production unit. Espe-
cially for gasturbines, teething troubles in a 
new design may be present. 

 
Supercomponent failure characteristics can be 

calculed from more detailed reliability analysis 
models taking redundancy and common cause fail-

ures in account, for instance using Reliability Block 
Diagrams. 

 

 
Figure 6  Bathtub curve for supercomponents 
 
A fraction of the failures is comprised of HILP 

failures, which can in principle by described by a 
continuous time series if decisions are made on an 
expected value basis. The problem: probability * 
consequence may on average still be small, which 
does not warrant large investments to prevent 
HILPs. This is all right when decisions are taken on 
an expected value basis. Risk aversion certainly is 
present in small companies, imposing a limit on the 
amount of money to be put at stake. Risk aversion is 
expected to be present for most decision makers. 
Therefore, one should consider modeling risk aver-
sion by using for example an exponential utility 
curve with a coefficient for risk tolerance. 

 

7 MODELLING OPERATING CONDITIONS 

A baseload unit is most easy to describe: all op-
erating hours are those hours in which no planned 
availability nor FOR as a result of full forced out-
ages is present. The planning aspects of planned 
availability result in lower unavailability costs. 
When modeling FOR, one takes into account the 
postponement of repairs to periods with lower un-
availability costs, for instance the weekend or the 
night. Postponement of repairs is especially relevant 
to cycling units. Cycling induces additional loads 
on components (for instance thermal fatigue) caus-
ing a higher number of failures per operating hour. 
Also, a failure probability per start should be in-
cluded, the costs of which for a base load unit are 
on average negligible since baseload plants only 
start after an overhaul or after a FOR event. This is 
certainly not the case for cycling units that may start 
daily. For cycling units with sufficient operating 
hours, the effect of calendar time (for instance due 
to corrosion) is expected to be minor compared to 
the effect of operating time. 
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Forced unavailability can be split into FOR dur-

ing which the unit is necessary and FOR during 
which the unit is not necessary. Something special 
(for instance for a single gasturbine) is a window of 
opportunity (the utility thought the plant was not 
necessary, but the price has risen). Billington and 
Allan (1996) already presented an analytical model 
on the basis of Markov analysis. One is inclined to 
use Monte Carlo simulation given the ease in mod-
eling, but a analytical model is decidedly faster. Us-
ing the Billington model, the influence diagram was 
extended with operating hours per year, starts per 
year and only a fraction of repair time which results 
in unavailability costs. 

8 MODELLING DECISIONS 

Almost any decision can be modeled using the 
costs of the decision, start & end date as a time se-
ries together with the effect of the decision on the 
item under consideration. As an example: a decision 
maker is asked to decide on carrying out an exten-
sive FMECA in order to reduce HILP failures. 
Apart from the costs of these FMECAs, the fraction 
reduction in HILP failures by this measure certainly 
is an influence factor that needs to be estimated. 
However, it can be shown that by no means this is 
the major uncertainty. 

 

9 DECISIONS TO BE TAKEN 

What decisions can be taken for power plants 
with the help of influence diagrams? It is expected 
that decisions can be taken for single plants in the 
following fields. Expert opinion is used both when 
constructing the diagrams and accessing values for 
the influence factors (input). Decisions apply to: 

 
Design review for new units, leading to a reduc-

tion in the number of problems as well as the period 
of time in which teething troubles occur. The costs 
of design review occur before the first operation and 
design review leads to early improvements. 

 
Prevention of repetitive failures.  In Hansen & 

Ascher (2002) an analytical model is given for re-
petitive failures for which (given by a probability 
number) repair is not successful. The model is a 
modified “Branching Poisson Process”, leading to 
simple expressions for the number of initial failures 

and repetitive failures. This model can easily be 
represented in a spreadsheet. 

 
Redundancy. This can be modeled as a reduction 

in the number of failures and a change in average 
repair time. The effect can be calculated as a result 
of more detailed models using Reliability Block 
diagrams, together with an investment or estimated 
using expert judgment. Unmanned operation is the 
opposite: more failures and larger repair times occur 
in combination with an investment but at a yearly 
direct cost reduction in personnel costs. 

 
Spare parts. The simplest model is that for spares 

from a risk point of view: an investment into the 
spare in combination with a reduction in repair time 
for those components and failures for which the 
spare can be applied. When applied at several pro-
duction units, there is the risk that the spare is not 
present when needed, which can be conveniently 
modeled using a Poisson distribution. Spares that 
are applied both at overhauls (replace & repair 
strategy) and from a risk point of view (for instance 
failures of gasturbine blading) cannot easily be op-
timized using an analytical model. NRG uses Monte 
Carlo simulation for this, however queuing theory 
might give clues to analytical models. 

 
Life extension. When a plant is a candidate for 

life extension, investments are made that can be 
modeled as delay in the moment in time in which 
ageing of a component occurs, a possible reduction 
in the number of failures for that component and an 
overhaul that is longer than usual in order to im-
plement the measures. There is insufficient experi-
ence to necessitate modeling teething troubles di-
rectly after life extension. 

 
Modification of a component:  this can be mod-

eled by a reduction in failure frequency and/or re-
pair time for the remaining life, after implementa-
tion of the modification. 

 
Maintenance optimisation. This can be modeled 

as a change in the frequency of planned mainte-
nance /overhauls / inspections, a change in the 
planned duration and costs together with a change 
in failure frequency. More time between overhauls 
can result in a higher failure frequency. On the other 
hand, less maintenance faults will be present. A 
precise quantification should be done using Markov 
types of analysis. Precise quantification is still in its 
infancy, but a meta-model as given before is very 
feasible. 
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10 APPLICATION 

Given a set of possible decisions, within the 
budget available, the experts from the Dutch utili-
ties voted for quantification of four effects:  

− HILP failure prevention 
− Prevention of repetitive failures (for in-

stance by better root cause analysis or 
analysis of every trip that occurs) 

− Maintenance optimization 
− Estimating the effects of a changing operat-

ing regime (cycling). 
 
Together with the experts, influence diagrams 

were drawn. With some previous experiences in 
mind, influence diagrams were pre-modeled in ad-
vance before working with the experts just to see if 
the decisions could be modeled with influence dia-
grams and still to be able to arrive at results when 

the experts would not be creative enough. In a ses-
sion of about 1 day, the four effects were fully 
qualitatively modeled with the experts in influence 
diagrams. An example is given in figure 7. This in-
fluence diagram is much more detailed than the pre-
model simple influence diagram at the start of the 
project. As a next step, a spreadsheet model was 
written combining the decisions and estimating the 
effects of changing the operating regime for four 
supercomponents. As a byproduct, it was found that 
by taking the supercomponents identical, the 
spreadsheet could be more easily debugged. Faults 
in spreadsheets may be a drawback on the use of 
spreadsheets: the number of manual operations 
(copy, paste, etc.) is such large that errors are easily 
made.  
 

 
 
Figure 7 Part of influencediagram to handle the relation between forced & planned unavailability  
 
 
Two further remarks should be made: 

− Influence diagrams can be presented both as 
a general qualitative model showing only a 

superficial resemblance to the spreadsheet 
constructed or as a 1 to 1 formal representa-
tion of the spreadsheet. The general qualita-
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tive model is the best option: it can be 
agreed upon without having to revert to it 
again when it is found during the spread-
sheet programming that (minor) additional 
variables are necessary to model the prob-
lem under consideration. It is also easy to 
understand, since it is a simplification. 

− There is no single influence diagram repre-
senting a problem. An influence diagram is 
a compromise in modeling. Both other sets 
of experts and other modelers will result in 
a different diagram and consequentially a 
different quantitative model. By no means 
however, this is detrimental given sufficient 
experts to show the different views on the 
problem. The tool should show the major 
effects. By using Decision Analysis one al-
ready changes the future and it is expected 
that differences in modeling are less impor-
tant than decisions taken or not, applied the 
values for uncertain influence factors and 
the effect of scenario’s that were either not 
modeled or not expected. 

11 EXPERT OPINION IN ASSESSING 
NUMERICAL INFLUENCE FACTORS 

With a spreadsheet model (sometimes called a 
Business Model) and the influence factors for which 
a Low, a Base Case and a High value should be es-
timated ready, expert opinion should be straight-
forward. NRG has, in accordance with principles 
laid down by Roger Cooke (1991), developed some 
software allowing a graphical estimate of the Low, 
Base and High values including their probability 
distribution, as shown in figure 8. Since four super-
components are present plus a general section on 
electricity price etc., some 180 questions have to be 
answered. By starting with a section on general pa-
rameters, it is expected that the experts will get used 
to the questioning. After as a next step carrying out 
the section on the boiler, the sections for gasturbine, 
steamturbine and generator are very similar but with 
other answers to the same questions.  

 
 
 
 
 
 
 
 
 
 

 
 
Figure 8 Software for expert opinion on input    

variables 
 
As with the influence diagrams, numerical influ-

ence factors have been filled in as templates to be 
presented to the experts using existing databases on 
failures, earlier R&D analysis for FMECAs and 
R&D on the effectiveness of overhauls. This is the 
most efficient way: do “homework” for those influ-
ence factors that can also be assessed in other ways 
than expert opinion. Expert opinion should be used 
to arrive at the most recent and most applicable fac-
tors by modifying the template.  To see whether all 
questions could be answered in a one day session 
the technique was tested using a KEMA expert on 
gasturbines and boilers. The expert opinion exercise 
still has to be carried out together with experts from 
the Dutch utilities. The questions asked will result 
in reasonably valid but general estimates. For spe-
cific power plants and specific companies, changes 
can be made by the experts themselves, taking 
commercial confidentiality into account as the 
spreadsheet will be delivered to them with docu-
mentation. 
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12 PRELIMINARY RESULTS 

Decisions to take in an early model with the in-
fluence diagram were: 

− Should one carry out design review for a 
(new) power plant? 

− Should one carry out detailed failure analy-
sis when failures occur? 

− Should one carry out extensive preventive 
maintenance analysis in order to optimize 
overhauls? 

− Should one contribute to aggregated experi-
ence exchange? 

 
Total difference in NPV with a positive decision 

on the above questions was estimated at about 40 
million EUR for a 350 MW combined cycle unit. In 
contrary to later modeling with the Dutch experts, 
planned unavailability costs in the early model did 
not include direct overhaul costs and these costs 
have therefore been much underestimated. 

 
The so-called Tornado diagram is given in figure 

9. When all variables are set at their Base Case, the 
value of the measures is about 40 million EUR. The 
dominant uncertainties are shown in the upper sec-
tion of the diagram. When the forced unavailability 
costs per occasion are low, the value of the meas-
ures is 12 million EUR. All other variables are kept 
at their Base Case. Similarly, when the forced un-
availability costs are high, the result is 74 million 
EUR. The dominant uncertainties are forced un-
availability costs, failure frequency, the amount of 
failure reduction by design review, etc. Some vari-
ables are not really uncertain but have been varied 
to investigate their effect. As can be expected, the 
benefit is largest for plants with many operating 
hours per year, plants that are of significant size and 
plants at the start of their operational life. 

 
The probability is low that all variables are at 

their low values. Similarly it is improbable that all 
variables are at their high value. Let’s assume that 
the cumulative probability that a variable is at the 
Low Value is 10 %, similarly that the cumulative 
probability that a variable is at the High Value is 90 
%, with 50 % being the Base Case. By combining 
all uncertainties (the first 5-7 showing the most 
“swing” generally is enough) one arrives at the cu-
mulative probability curve shown in figure 10. 
There is a very small probability that the tasks de-

cided on do not produce a profit at all. There is a 90 
% probability that the measures deliver less than 
120 million EUR. The expected, averaged value is 
54 million EUR, which is more than the Base Case 
at 40 million EUR since some distributions are 
asymmetrical. 

 
A comparison can be made with the first results 

of the more extensive model using the KEMA ex-
pert opinion in preparation of the Dutch utilities ex-
pert opinion. The Base Case value increased to 70 
million EUR. While at a first glance the difference 
in Tornado seemed large, both Tornado diagrams 
point to the same dominant influence factors: 

− The costs for forced unavailability 
− The failure frequency of the gasturbine, 

which is dominant with respect to failures 
− The operational life of the power plant 
− The number of operating hours 

Since with the extended model also direct costs of 
overhauls were taken into account, improvements in 
the overhaul frequency have much larger effects 
than at the preliminary model. An interesting vari-
able, which was taken into account only after con-
sultation with the utility experts, is the variable 
“plant timely taken out of operation” in order to 
prevent consequential damage & direct costs. Ap-
parently, over the life time of a unit the benefit of 
this measure is some millions EUR. 

13 LESSONS LEARNED 

Influence diagrams, spreadsheets and expert 
opinion can be used to model the effects of deci-
sions for investments to improve forced unavailabil-
ity FOR of power plants. In order to have experts 
take the lead in a fully interactive way for construct-
ing influence diagrams, they should receive ample 
training. However, an intermediate way is to pre-
pare the diagrams in advance but allowing the ex-
perts to modify the pre-defined diagrams. Also, ex-
pert opinion for inputs should be prepared 
beforehand in order to limit the workload on ex-
perts. Given informal relationships with experts and 
mutual respect, they are sure to modify the inputs if 
they deem this necessary. Influence diagrams 
should be kept simple in order to be used as a pres-
entation tool. Also spreadsheet models should be 
kept as simple as possible, however this might need 
a reflection on the results and a separate simplifica-
tion step. It can be shown that, given sufficient ex-
perience, simple models provide similar guidance 
on decisions to take as more complex models. 

 

204



 

 
Figure 9  Tornado diagram early model 
 
 
 
 

 
 
 
Figure 10 Cumulative probability curve early model 
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ABSTRACT: The development of two probabilistic accident consequence codes sponsored by the European 
Commission and the United States Nuclear Regulatory Commission, COSYMA and MACCS respectively, was 
completed in 1990. These codes estimate the risks and other endpoints associated with accidents from hypothesi-
sed nuclear installations. In 1991, both Commissions sponsored a joint project for an uncertainty analysis of these 
two codes. The main objective of this joint project was to systematically derive credible and traceable probability 
distributions for the respective code input variables. These input distributions will subsequently be used in two 
uncertainty analyses for each code separately. A formal expert judgement elicitation and evaluation process was 
used as the best available technique to accomplish that objective. This paper describes the process and some of 
the findings of the eight expert judgement exercises performed under the joint study. Reference is made to a 
Special Issue of Radiation Protection Dosimetry (Goossens and Kelly 2000). 

1 INTRODUCTION 

1.1 Expert judgement study 

The U.S. Nuclear Regulatory Commission (USNRC) 
and the Commission (EC) began formulating a joint 
uncertainty analysis on their respective codes, 
MACCS (Chanin et al 1990) and COSYMA (Kelly 
1991), in 1991. Although consequence uncertainty 
analyses have been performed in the past for the 
predecessors of both codes, the probability distributi-
ons utilised were assembled primarily by the 
consequence code developers rather than by 
phenomenological experts in the many different 
scientific disciplines that comprise a radiobiological 
consequence analysis. 

Both commissions were aware of the key role of 
uncertainty in decisions involving prioritisation of 
activities and research. They initiated a 
comprehensive assessment of the uncertainty in 
consequence code predictions used for risk 
assessments and regulatory purposes. Identifying 
benefits, such as gaining access to a greater pool of 
experts, combining experience and knowledge in the 
areas of uncertainty analysis, formal expert judgement 
elicitation and consequence analysis, and the 
potentially greater technical and political acceptability 

of a joint project, the two commissions decided to 
enter this collaborative effort.  

The main objective of this effort was to 
systematically obtain much of the quantitative 
information necessary for performing uncertainty 
analyses for their respective consequence codes from 
the phenomenological experts by using a state-of-the-
art formal expert judgement elicitation and evaluation 
process. Therefore eight different panels were 
established to cover the different areas of expertise 
involved (Tables 1 and 2). The physical processes 
were sufficiently similar for MACCS and COSYMA, 
so that the required input distributions could be 
developed jointly in a collaborative effort. The 
countermeasures inputs were recognised to be 
different for both codes. Therefore both commissions 
decided to address the countermeasures assessments 
separately, but with the same formal expert judgement 
process. The expert judgement study has been 
summarised in Goossens and Harper (1998). 

This paper describes the project (the expert 
judgement study and the selection of parameters for 
the uncertainty analysis of the COSYMA code). 
Section 2 explains the formal expert judgement 
approach with the various procedures to be taken to 
achieve robust assessments from experts. Section 3 
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provides an overview of the elicitation variables and 
the questions posed to the experts. In total, 1920 
questions were posed to the experts. For further details 
the authors refer to the relevant report mentioned in 
Table 2. Section 4 describes the selection process of 
the experts for each field of interest and provides a 
flavour of the results. Section 5 highlights the 
selection of important parameters for the uncertainty 
analysis of the COSYMA code. Finally, section 6 
draws the main conclusions on the project as a whole. 
Currently also the USNRC is undertaking an uncert-
ainty analysis for their accident consequence code 
MACCS, in which the expert assessments are being 
used. 
 
Table 1. Overview of expert judgement panels 
Panel number  Panel name 

1 Atmospheric dispersion 
2 Deposition (dry and wet) 
3 Behaviour of deposited material and its 

related doses 
4 Foodchain on animal transfer and  be-

haviour 
5 Foodchain on plant/soil transfer and 

processes 
6 Internal dosimetry 
7 Early health effects 
8 Late health effects 

 
 
Table 2. Overview of expert judgement reports 
Panel number  NUREG/CR      EUR                  Year 
  1     6244    15855    1995 
  1      -    15856    1995 
  2     6244    15855    1995 
  2      -    15856    1995 
  3     6526    16772    1997 
  4     6523    16771    1997 
  5     6523    16771    1997 
  6     6571    16773    1998 
  7     6545    16775    1997 
  8     6555    16774    1997 
 

1.2 Uncertainty analysis of the COSYMA code 

The distributions on the input parameter values 
were obtained from the expert judgement elicita-
tions. The overall uncertainty analysis of the CO-
SYMA code was preceded by analyses of the uncer-
tainty in the main modules of the code. One of the 
main aims of these submodule analyses was to iden-
tify those model parameters contributing most to the 
uncertainties of the code endpoints. This was of par-
ticular interest for two reasons: 
• the ranking of model parameters according to 

their contribution to uncertainties gives insight 

and guidance for further data and model im-
provements; 

• computational limitations of storage and CPU 
times mean that the overall uncertainty analysis 
considering the 376 model parameters consid-
ered in the submodule analyses would be im-
practical. 

In this way, 186 model parameters (out of the 
1920 variables posed to the experts) were identified 
as relevant for the overall uncertainty and sensitiv-
ity analyses. The results are published in EUR re-
ports (Table 3). 

Three different source terms (UK1, CB2 and 
DBA), taken from PRA level 3 analyses of the 
Hinkley Point PWR, were considered in the analy-
ses. They encompass a wide range of characteristics 
as can be seen from Table 4, which gives the release 
fractions of the key nuclide groups. The whole 
study has been published in a Special Issue of the 
journal Radiation Protection Dosimetry (Goossens 
and Kelly, 2000). 

 
Table 3. Overview of the COSYMA code uncertainty 
analysis 
EUR number  Report name 
18822 Uncertainty from the atmospheric dis-

persion and deposition module 
18823    Uncertainty from the food chain module 
18824 Uncertainty from the health effects 

module 
18825    Uncertainty from the dose module 
18826    Overall uncertainty analysis 
18827    Methodology and processing techniques 
 
 
Table 4. Main characteristics of  the source terms consid-
ered in the uncertainty analysis. 
Source term   Fraction of core inventory released 
      Xe-Kr  I   Cs-Rb  Te-Sb 
UK1     9E-01  7E-01 5E-01  3E-01 
CB2     1E-02  2E-03 8E-03  8E-06 
DBA     1E-07  1E-06 1E-06  1E-08 

2 EXPERT JUDGEMENT APPROACH 

2.1 Principles 

Two important principles with respect to the 
application of expert judgement were established for 
this joint project: 

• the elicitation questions (i.e., the questions on 
variables for which the experts provided 
uncertainty distribution data) would be based 
on the existing models already used in 
COSYMA and MACCS because both the EC 
and the USNRC were primarily  interested in 
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the uncertainties in the predictions of these 
codes, and 

• the experts would only be asked to assess 
physical quantities which could be 
hypothetically measured in experiments.  

Since many code inputs are mathematical 
constructs resulting from fitting a particular function 
(model) to the available experimental data, eliciting 
assessments on physical quantities rather than these 
mathematical constructs (code inputs) avoids 
ambiguity and disagreements in variable definitions. 
In addition, assessments that are formulated for physi-
cal quantities are deemed to have a much wider 
application beyond the joint study. 

Formal expert judgement elicitations were used to 
develop distributions for important consequence 
analysis input variables for which the experimental 
database did not provide all the necessary information, 
and the analytical models used for extrapolation were 
not indisputably correct. To ensure the quality of the 
elicited information, a formal expert judgement 
elicitation process, built on the process developed for 
and used in the NUREG-1150 study (USNRC 1990), 
was followed. Refinements were implemented based 
on experience and knowledge (Cooke 1991) gained 
from several formal expert judgement elicitation 
exercises performed in Europe by Delft University of 
Technology as well as in the U.S. (Hora and Iman, 
1989). This latter paper provides an overview of the 
method used in NUREG-1150. This expert judgement 
method emphasises the discussions with individual 
experts on the phenomena to be elicited. 

The formal expert judgement elicitation process 
that was implemented in the joint project is briefly 
explained in section 2.3. It formed a base for the 
Procedures Guide for Structured Expert Judgement 
published as EUR 18820 (Cooke and Goossens, 
2000). 

2.2 Objectives of the study 

The objectives of the project were: 
(1) to formulate a generic, state-of-the-art 

methodology for uncertainty estimation 
which is capable of finding broad acceptance; 

(2) to apply the methodology to estimate 
uncertainties associated with the predictions 
of probabilistic accident consequence codes 
(COSYMA and MACCS) designed for asses-
sing the consequences of commercial nuclear 
power plant accidents; 

(3) to better quantify and obtain more valid 
estimates of the uncertainties associated with 
probabilistic accident consequence codes, 
thus enabling more informed judgements to 

be made in the areas of risk comparison and 
acceptability and therefore to help set 
priorities for future research. 

Since the elicitation process is very resource 
intensive, the importance of clear understanding of the 
objectives, scope and constraints of each individual 
expert panel were fully recognised. Although the 
project focussed on the COSYMA and MACCS 
codes, application to other probabilistic accident 
consequence codes should be possible as well. 

2.3 Formal steps in expert judgement 

Defining elicitation variables and developing 
elicitation questions. Elicitation variables are the 
variables presented to the experts for assessments. 
Based on past sensitivity analyses (Ritchie et al 1984, 
Fischer et al 1990, Jones et al 1995), important code 
inputs that had significant contributions to the 
endpoints' uncertainties were identified. Endpoints 
are, among others, individual and collective risks and 
number of deaths and incidence of early and late 
health effects. When the important code inputs were 
not physical quantities, other variables, physical code 
output variables, were selected as elicitation variables. 
Elicitation questions were then developed for the 
elicitation variables, applying post-processing me-
thods to generate the needed code input distributions 
from the assessed elicitation variables. The initial 
conditions to match the level of detail considered in 
MACCS and COSYMA were specified, as also the 
boundary conditions specifying which phenomena 
should or should not be considered in the uncertainties 
to be assessed. Examples of elicitation variables, 
questions and conditions for the various panels are 
provided in section 3.  

Dry run exercise. Dry runs were conducted with 
experts in the various fields of interest to test the 
clarity ("clairvoyance test") of the elicitation 
questions, and the reasonableness of the exercise ("is 
the number of questions doable?"). Feedback from the 
dry run experts was factored into the modified 
questionnaires. 

Selecting experts. The objective for each panel was 
to engage the best experts from various viewpoints in 
the phenomenological areas of interest. A large list of 
experts was compiled from the literature, and by 
requesting nominations from experts and 
organisations. The experts were contacted and sent in 
curricula vitae (CVs). Impartial selection panels both 
in the U.S and Europe were formed. The CVs were 
evaluated and experts were chosen on the same set of 
established criteria: reputation in the relevant fields, 
number and quality of publications, familiarity with 
the uncertainty concepts, diversity in background, 
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balance of viewpoints, interest in the project, and 
availability to undertake the task in the prescribed 
time-scale. The selection of the expert panels is 
descibed in section 4. 

Selecting normative specialists. The main 
responsibility of a normative specialist is to conduct 
the expert elicitation sessions. It is imperative that the 
normative specialist is able to assist the experts in 
encoding subjective assessments into coherent 
probability distributions during the elicitation 
sessions. The normative specialists were selected for 
the project based on their experience with other expert 
judgement exercises in the past. They were part of the 
project staff and they assisted in drafting the 
elicitation questions for the panels. 

First expert meeting. The experts were convened 
for a first meeting where they were briefed on the 
purposes of the study, introduced to the relevant 
material on the consequence codes, and provided 
training in probabilistic assessments. In addition, the 
complete set of elicitation variables and questions 
were reviewed by and discussed among the experts 
and project staff, and, if needed, further modifications 
were added. That was to ensure that the experts felt 
comfortable with and would respond to the same 
questions. The initial and boundary conditions were 
also discussed at the first meeting. 

Performing assessments. After the first meeting, 
the experts prepared their responses to the elicitation 
questions (during a period of 6 to 10 weeks). They 
were free to use any modelling techniques they belie-
ved were appropriate to assess the problems. For each 
elicitation variable, the experts provided three quantile 
points (5%, 50%, 95%) representing their uncertainty. 
No distribution shapes were required. In addition to 
the quantitative judgements, each expert also provided 
a written rationale to document the sources and 
explain the approaches used in arriving at the 
assessments. All data and rationales are (anony-
mously) reported in the references mentioned in table 
2. 

Second expert meeting. The experts were 
reconvened for a second session (except the food 
chain and external dose panels) where they shared 
approaches without giving their quantitative 
assessments during a common session. Individual 
elicitation sessions were held thereafter. During these 
individual sessions, each expert worked with a 
normative specialist and a project specialist on the 
particular field of interest, to arrive at quantitative 
assessments. The dependence among the various 
elicitation variables was elicited to facilitate the future 
uncertainty analyses for the codes, when all 
distributions will be linked and propagated through 
the codes. 

Processing the judgements. The set of multiple 
elicited quantile points was aggregated to form a 
single set of quantile points for the corresponding 
elicitation variables. The processing tool for 
aggregating the individual assessments was the 
computer code EXCALIBR (Cooke and Solomatine 
1992). Throughout the study, the term "range factor" 
is used to express the ratio between the 95th and the 
5th quantile point of the distribution, which is used as 
a measure of uncertainty. 

For each variable, non-negative weights summing 
to one were assigned to the cumulative distribution 
function (CDF) developed for each individual expert 
assessment, and the aggregation was accomplished by 
taking the weighted sums of the cumulative 
probabilities for each variable with an equal weighting 
scheme. EXCALIBR output the three quantile points 
(5%, 50%, 95%) from the combined assessment 
(combined CDF) for each variable. 

In an equal weighting aggregation scheme, an 
equal weight is assigned to each expert. If N experts 
have assessed a given set of variables, the weights for 
each density are 1/N; hence for variable i in this set 
the decision maker's CDF is given by:  

 
                                 N 
        Fewdm,i = (1/N) Σ fj,i

                                j=1 
 

where fj,i is the cumulative probability associated with 
expert j's assessment for variable i. 

EXCALIBR contains three different weighting 
schemes for aggregating the distributions elicited from 
the experts. These weighting schemes are equal 
weighting, global weighting, and item weighting. 
Global and item based weighting techniques are 
termed performance-based weighting techniques 
because weights are developed based on an expert's 
performance on elicitation variables, for which the 
values measured in existing (experimental) data are 
known by the project staff, but not by the experts. 
This results in non-equal weights for the individual 
expert's assessments in the aggregation process 
(Cooke 1991, Goossens et al 1996). 

Investigating the different weighting schemes was 
not the objective of this joint effort. A programmatic 
decision was therefore made to assign all experts 
equal weight, i.e., all experts on each respective panel 
were treated as being equally credible. One of the 
primary reasons the equal weighting aggregation 
method was chosen for this study was to insure the 
inclusion of different modelling perspectives in the 
aggregated uncertainty distributions. However, 
additional information was elicited from the experts to 
allow the application of performance based weighting 
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schemes to the elicited distributions. For the 
dispersion and deposition panels the results are 
reported in EUR 15856 (see Table 2). 
 
 
3 ELICITATION VARIABLES AND 

QUESTIONS 

3.1 In general 

For all fields of interest listed in table 1, it was 
impossible for the experts to provide quantitative 
assessments over the complete range of interest for 
each individual variable. That would require an 
unfeasibly large consequence uncertainty study. It was 
therefore necessary to design a case structure that 
would cover the variable space so that the project 
could interpolate and extrapolate to all areas necessary 
to perform consequence uncertainty studies. Each 
following subsection describes the scope of the case 
structure for each expert panel. Examples of 
elicitation variables and questions are provided for 
each field of interest. 
 

3.2 Atmospheric dispersion 

For the dispersion questions, the case structure con-
sisted of many perturbations of downwind distances 
and the synoptic weather conditions at the source. 
After several iterations, a condensed version of the 
case structure was developed. Elicitation variables 
were downwind concentration ratios and horizontal 
plume spread. Basically, each case represented a 
single accident with the wind blowing from one di-
rection during the whole dispersion provess.  

In total, 77 questions were asked, of which 
• 20 questions on plume centerline concentration 

ratios, 
• 34 questions on plume off center concentration 

ratios, 
• 20 questions on plume spread, 
• 3 questions on far field characteritics. 
An example of a question is: 
Given a temperature lapse rate, wind speed and standard 
deviation of wind direction, surface roughness, release 
height and sampling time, what is the centerline concen-
tration ratio at five distances from the source in the direc-
tion of the wind, units [s m-3]? 
 

3.3 Deposition 

For the deposition questions, the case structure 
consisted of many permutations of different surface 
types, particle sizes, chemical types, rain intensities 
(for wet deposition) and rain duration (for wet 
deposition). 

For dry deposition four surface types were 
considered: urban, meadow, forest, and skin. The 
particulate forms for which data were elicited were: 
aerosols (ranging over 5 spherical particle sizes of 0.1 
to 10 µ diameter AMAD), elemental iodine and 
methyl iodide. The experts were instructed to include 
any effects not specified in their uncertainty 
distributions, such as humidity, ambient air 
temperature, chemical reactions, vapour-to-particle 
conversion, and variations within surface types. 

For wet deposition, the particulate forms were 
similar. Two rain intensities cases were considered: 
average rain intensities over one hour, and average 
continuous rain intensities over ten minutes. Here too, 
experts were asked to include effects such as chemical 
reactions, electrostatic effects, vertical profiles and rain 
rate. Rain was assumed to be present over the entire 
area, a factor which the experts needed not to take into 
account. 

In total, 87 questions were asked, of which 
• 56 questions on dry deposition velocities for ae-

rosols (5 diameters), elemental iodine and 
organic iodide, 

• 20 questions on fractions washed out for wet de-
position for aerosols (5 diameters), elemental 
iodine and organic iodide. 

Two examples of questions are: 
[1] Given a wind speed of 2 m s-1 (5 m s-1), what is the dry 
deposition velocity for elemental iodine on an urban surfa-
ce (meadow, forest, skin), units [cm s-1]? 
[2] What is the fraction of elemental iodine removed by 
rain given rainfall and period (0.3 and 2.0 mm during 1 
hour, 0.05 mm and 0.33 mm and 1.67 mm during 10 
minutes continuously)? 
 

3.4 Behaviour of deposited material and its related 
doses 

The case structure is designed to elicit external dose 
variables, which predict the doses to individuals in the 
population from radioactive material deposited onto the 
ground. As the models are based on adults who are 
outdoors in an open area, the elicitation questions were 
formulated likewise. To account for the scaling factors 
used in the consequence codes for people living in 
urban and suburban areas, additional questions were 
incorporated. The results of these outdoor dose models 
are commonly known as "dose conversion factors" 
(IAEA 1994) and they relate the initial deposited 
activity on the ground to the dose as a function of time 
following initial deposition. Gamma dose rates and 
effective dose rates as well as integrated effective doses 
to adults were elicited over time following initial 
deposition. The results are applied to predict outdoor 
doses. 

211



The dose indoors is predicted by reducing the 
outdoor dose using a location or shielding factor (for 
buildings, basements and cars and buses). For the 
inhalation dose delivered to individuals indoors relative 
to that outdoors, a reduction in the time-integrated air 
concentration indoors relative to that outdoors was 
elicited. Furthermore, questions were asked on the 
fraction of time that the average adult spends in each 
location under consideration. 

In total, 505 questions were asked, of which 
• 69 questions on γ dose rates above a uniform, 

flat and open lawned area (Gy/sec), 
• 90 questions on effective dose rates to an adult 

outdoors (Sv/sec), 
• 75 questions on integrated adult effective doses 

(Sv), 
• 14 questions on similarity between nuclides wrt 

external dose, 
• 175 questions on location factors for shielding in 

an open lawned area shortly after an initial 
uniform deposit, 

• 8 questions on time-integrated air concentration 
ratios indoors to outdoors, 

• 7 questions on similarity between nuclides wrt 
inhalation dose, 

• 67 questions on fractions of average popula-
tion (in own country. 

Examples of questions are: 
[1] What is the γ dose rate in air at 1 meter above a 
uniform, flat and open lawned area at the time of deposit 
and at several times following the initial dry (wet, 
average) deposition of 1 Bq/m2 of 95Zr/95Nb (106Ru/106Rh-, 
131I, 137Cs/137mBa) to the ground? 
[2] What is the ratio of the effective dose in Sv received 
by an adult indoors to that received outdoors in an open 
lawned area shortly after an initial deposit of 1 Bq/m2 of 
95Zr (106Ru, 131I, 137Cs, 144Ce) to the ground (lawn)? 

Indoors means: 
* inside a low (medium, high) shielding building 
* inside the basement of a single family house (multi-

storey building) 
* in a typical car (bus) on a suburban street. 
 

3.5 Foodchain: animal transfer and behaviour 

The transfer of radionuclides to animals can be 
considered in two stages: (1) the intake of 
radionuclides by ingestion and inhalation, and (2) the 
subsequent metabolism of these radionuclides and in 
particular their transfer to animal tissues and animal 
products that are consumed by man. Since ingestion is 
the most important route of intake for animal uptake, 
inhalation by animals was not considered for expert 
elicitation (only caesium, strontium and iodine). 

The rate of intake for ingestion is a very important 
parameter. Ingestion rates depend on the grazing habits 
of the animal and whether they are free-grazing or 
provided with feedstuffs. The metabolism of animals 
was represented by three physiological mechanisms: 
(1) the absorption of the nuclide into the bloodstream 
and body fluids from the gastrointestinal tract; (2) the 
distribution and recycling of the nuclide between the 
circulating fluids and the body organs and tissues; and 
(3) the excretion of the nuclide from the body, 
including secretion into milk, and for chickens, transfer 
to eggs.  

Elicitation variables were animals' consumption 
rates, soil consumption rates, availability of ingested 
feed, transfer to meat, eggs and milk, and biological 
half-lifes in animals.  

In total, 115 questions were asked, of which 
• 30 questions on animals' consumption rates 
• 4 questions on animals' soil consumption rates 
• 9 questions on availability of ingested feed 
• 10 questions on transfer to meat 
• 3 questions on transfer to eggs 
• 9 questions on transfer to milk 
• 15 questions on biological half-life in animals. 
An example of a question is: 
Consider an animal (dairy cows, beef cattle, sheep, pigs, 
poultry) which is continuously fed Sr or Cs at a constant 
daily rate under field conditions. What is the observed 
equilibrium transfer of activity, Ff to the meat of the ani-
mal for each element? The quantity should be expressed as 
the fraction of the daily intake which is in kg of animal's 
meat, once an equilibrium situation is reached, units [d kg-

1]. 
 

3.6 Foodchain: plant/soil transfer and processes 

The main transfer mechanisms included in a food 
chain model are: (1) migration of radionuclides in 
soil; (2) root absorption into plants from soil; (3) 
surface contamination of plants; and (4) loss from the 
surface and subsequent translocation to the edible 
part of the plant. 

Elicitation variables were soil migration times at 
fixed depths, fixation to soil with time after 
deposition (fraction unavailable for uptake), root 
uptake concentration factors, interception factors, 
resuspension factor, retention times on surfaces, and 
concentration in grain at harvest and crops. Since the 
consequence codes do not specify the type of soil in 
the calculations and warrant a generic application for 
all relevant circumstances, the concept of generic soil 
was introduced. Experts had to consider all types of 
soil where crops could grow with the exeption of 
soils above the arctic circle and mediterranean soils, 
and had to take the consequent variation into account 
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in their assessments. Apart from that, experts were 
expected to assess their uncertainty on the average 
value of the elicitation variable, and not to take 
account of the spread of the variable in their 
uncertainty distribution.   

In total, 244 questions were asked, of which 
• 32 questions on soil migration 
• 32 questions on fixation of Cs and Sr in soil 
• 160 questions on root uptake concentration fac-

tors 
• 5 questions on interception factors 
• 2 questions on resuspension factors 
• 5 questions on retention times 
• 4 questions on concentrations in grain at harvest 
• 4 questions on concentration in root crops. 
An example of a question is: 
Following a single deposit, what are the concentrations, 
units [Bq kg-1]], at maturity of Sr and Cs in grain, green 
vegetables, pasture grass, root crops and potatoes which 
are grown on (generic [in Europe, in the US], sandy, 
highly organic) soil that contains 1 Bq kg-1 of Sr and Cs 
as a function of time following deposition? 
 

3.7 Internal dosimetry 

Doses are calculated within accident consequence 
codes either for presentation as an end-point of the 
assessment or for use in further calculations of health 
effects. Both individual and collective doses can be 
evaluated and include external exposures and internal 
exposures due to the inhalation and ingestion of 
radionuclides. 

The main areas in which elicitation questions were 
framed were: 1) inhalation by persons directly, 2) 
ingestion, 3) systemic distribution and retention, and 4) 
organ dose coefficients. While the first three provide 
information from which dose coefficients can be 
calculated and are in principle measurable quantities, 
organ dose coefficients are the required input to the 
consequence codes and are generally not directly 
measurable or observable quantities. Although much of 
the background thinking is driven by ICRP-
publications (e.g., ICRP 1993, 1995), the questions 
were therefore phrased independently of the models 
used in the ICRP-community. 

For inhalation by persons directly the experts were 
asked to consider exposure to unit air concentration of 
radioactive aerosols (say 1 Bq m-3) for a short duration 
(say 1 minute). Questions addressed primarily adult 
exposures, but with additional information sought for 5 
year old children. The parameters elicited were 
estimates of ventilation rates, total initial deposition in 
the respiratory tract as a percentage inhaled, assuming 
a normal daily mix of activities, for various particle 
sizes, distribution of deposited material, between the 

extrathoracic, tracheobronchial and pulmonary regions 
of the respiratory tract, retention of material in the 
tracheobronchial and pulmonary regions as a 
percentage of total initial deposition, assuming 
completely insoluble particles, at times from 10 
minutes to 10 years after deposition, and absorption to 
blood as a percentage of the total initial deposition for 
several elements at times from 1 hour to 10 years after 
deposition. 

For ingestion the main factors determining 
radiation dose are the rate of movement of material 
through the different regions of the gastrointestinal 
tract and the proportion absorbed and transferred to 
blood.  

For the behaviour of systemic radionuclides 
reaching blood, the elicitation variables were on 
quantification of the distribution between tissues and 
duration of retention. In some cases, distribution 
within individual tissues was considered to be impor-
tant. For radionuclides for which the skeleton is a 
significant site of retention, behaviour within bone 
was taken into account.  

The information elicited on the dose coefficients, 
was absorbed organ dose per unit intake, and 
committed dose to 70 years of age (Gy Bq-1). For 
inhalation, 1 µm AMAD particles were specified 
except in the case of 131I for which a mixture of 1 µm 
AMAD particles and vapour was specified and 
experts were asked to determine the proportions of 
various parts of the lungs. The radionuclides for 
which both inhalation and ingestion were considered 
were 90Sr, 131I, 137Cs and 239Pu. Inhalation only was 
considered for 132Te and 144Ce. In each case, the most 
important organ or organs were specified. 

In total, 332 questions were asked, of which 
For inhalation:
• 2 questions on average ventilation rates 
• 12 questions on initial deposition in respiratory 

tract regions 
• 24 questions on retention of insoluble particles 

in respiratory tract region 
for ingestion:
• 84 questions on absorption to blood 
for systemic distribution and retention:
• 84 questions on retention in liver + skeleton (and 

skeleton only) 
• 36 questions on retention of Pu in bone surfaces 

and bone marrow 
• 20 questions on retention of Ru/Cs in blood 
• 8 questions on retention of iodine in thyroid 
• 62 questions on dose coefficients (inhalation 

and ingestion). 
Four examples of questions are: 
[1] Initial deposition in the extrathoracic region, what is 
the percentage of total deposition in the respiratory tract? 
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[2] What is the fraction absorbed to blood of activity (Sr, 
I, Cs, PuO2, Pu biol) ingested? 
[3] Considering the total amount reaching blood (as if 
administered intravenously as a single injection), what is 
the percentage retained in liver and skeleton (bone + 
bone marrow), as a function of time after entry of Sr (Pu, 
Ce, Te) into blood? 
[4]What is the absorbed dose to specified organs or 
tissue (lung, bone marrow, bone surface, thyroid, colon, 
stomach, liver) per unit activity (Sr, I, Te, Cs, Ce, Pu) 
inhaled or ingested (committed equivalent dose), Gy Bq-

1)? 
 

3.8 Early health effects 

In the accident consequence codes the early health 
effect risk models have sigmoid dependencies of 
individual risk on the dose to the target organ in an 
exposed individual. The hazard function applied in 
both accident consequence codes is calculated from 
the ratio between the biologically effective dose (Sv) 
delivered to the target organ and the D50, the dose that 
would induce the effect in half of the exposed 
population. The ratio is adjusted with a shape 
parameter determining the steepness of the sigmoid 
curve. The individual risk R is 

 
 R = 1 - exp(-H) 

 
where is H = lne[2].(D / D50)γ is the hazard function, 
which is determined by the dose, D, the D50  
parameter and shape parameter, γ.  

Early health effects in the COSYMA code are 
determined  by these parameters, over which 
uncertainty distributions are therefore required. In 
order to comply with the condition of eliciting only 
on observable quantities, the experts were asked 
questions on doses at which a defined percentage of 
the population (10%, 50% and 90%) is functionally 
impaired by the effect. Also threshold values were 
elicited below which no effect is supposed to take 
place. 

Since hematopoietic syndrome is the largest 
contributor to early health effects, but difficult to an 
observe directly, questions were asked on the effect 
of whole body radiation, and separately on effects for 
specific organs, such as gastro-intestinal syndrome, 
lung mortality and morbidity, and three skin effects. 
Questions were also asked about combined effects to 
all relevant organs, taking a decrease of dose rate 
after one hour into account. 

In total, 489 questions were asked, of which 
• 49 questions on early fatalities due to whole 

body dose 

• 49 questions on early fatalities due to gastro-
intestinal syndrome 

• 48 questions on early fatalities due to beta lung 
dose 

• 40 questions on morbidities due to beta lung 
dose 

• 12 questions on deterministic fatalities due to 
alpha long dose 

• 45 questions on non-fatal skin effects 
• 18 questions on fractions to die from skin effects 
• 24 questions on early fatalities due to whole 

body dose (varying dose rates) 
• 12 questions on early fatalities due to lung dose 

(varying dose rates) 
• 192 questions on early fatalities, in cases of 

multiple exposed organs and exposure periods. 
Three examples of questions are: 
[1] What is the whole body dose that will result in fatalities 
(threshold, LD10, LD50, LD90) when exposed to a whole body 
dose rate of 100 (10, 1, 0.2) Gy hr-1 for minimal treatment 
(supportive treatment without/with growth factors) [Gy]? 
[2] What is the lung dose that will result in respiratory-
functional morbidities (threshold, ED10, ED50, ED90) when 
exposed to a lung dose rate of 100 (10, 1, 0.2) Gy hr-1 for age 
groups of the population [Gy]? 
[3] What is the dose causing acute ulcerations (acute epidermal 
necrosis, moist desquamation) on the skin in 10% (50%, 90%) of 
the skin area when 20% (40%, 60%) of the skin is exposed 
(bare) [Gy]? 
 

3.9 Late health effects 

Originally all late health effects were to be considered 
in this panel. The decision was made to not consider 
hereditary health effects, because the uncertainties in 
the category of multifactorial disorders are large, and 
these disorders make up potentially the largest class of 
radiation-induced hereditary diseases. At the moment 
there is no adequate way to assess the likely magnitude 
of this component of hereditary diseases. 

The main requirement of the consequence codes is 
for cancer risks to be evaluable following moderate to 
low dose-rate exposure, since this characterises the 
overwhelming majority of exposures following a 
typical nuclear accident. It was decided, for example, 
as a result of preliminary discussions among various 
experts, that one would expect linearity of risk at low 
dose-rate exposure, so that eliciting risks for one value 
of administered dose would suffice. Linearity would 
not however be expected to apply in general e.g. in 
extrapolating from high dose-rate exposure (e.g. 1 Gy 
over 1 minute) to low dose-rate exposure (e.g. 1 Gy 
over 1 year). For that reason assessments were required 
for at least one additional low dose rate case. DDREF 
(dose and dose-rate effectiveness factor) values were 
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not elicited, but could be deduced from the high and 
low dose-rate assessments. The cancer risks elicited are 
listed in the examples of late health effects elicitation 
questions below. 

Equally, it was decided that although not strictly 
required by the initial consequence uncertainty 
exercise, it would be desirable to obtain expert 
judgement on the variation of cancer risk by age at 
exposure (including in utero exposure), as a function 
of dose and dose-rate (including the possibility of 
threshold effects), and for certain sorts of high LET 
and low LET radiation. The experts quite strongly 
asked to take questions on those late health effetcs 
into consideration, because they considered the 
endpoints to be critical and they expected to get 
useful information for future applications from those. 

In total, 106 questions were asked, of which 
• 44 questions on numbers of radiation induced 

cancer deaths after a whole body dose of 1 Gy 
low LET over 1 minute 

• 4 questions on numbers of radiation induced 
cancer deaths received in utero after a whole 
body dose of 1 Gy low LET over 1 minute 

• 12 questions on numbers of radiation induced 
cancer cases after a whole body dose of 1 Gy 
low LET over 1 minute 

• 12 questions on numbers of radiation induced 
cancer deaths after a whole body dose of 1 Gy 
low LET over 1 year 

• 1 question on the number of radiation induced 
cancer cases after a whole body dose of 1 mGy 
high LET over 1 year 

• 9 questions on numbers of radiation induced 
cancer deaths after inhaling 10 kBq of 
radionuclides specified 

• 12 questions on expected numbers of lifetime 
years lost after a whole body dose of 1 Gy over 
1 minute 

• 12 questions on threshold doses for low LET 
radiation. 

Three examples of questions are: 

[1] What is the number of radiation-induced cancer 
deaths (bone, colon, breast, leukemia,liver, lung, pancre-
as, skin, stomach, thyroid, all other cancers, all cancers) 
up to 20 years (40 years, over a lifetime) following 
exposure in a population of a hundred million persons 
each receiving a whole body dose of 1 Gy low LET (=γ) 
radiation at a uniform rate over 1 minute? 
[2] What is the number of radiation induced cancer 
deaths (lung, bone, liver, leukemia, all cancers) up to 40 
years following exposure in a population of a hundred 
million persons each of whom inhales 10 kBq of 239Pu 
(90Sr), 1 µm AMAD oxide? 
[3] Given that radiation induced cancer death due to the 
specified cause (bone, colon, breast, leukemia,liver, lung, 
pancreas, skin, stomach, thyroid, all other cancers, all 
cancers) has occurred as a result of a dose of radiation 
delivered over 1 minute, what is the average expected 
length of life lost in years, for a population followed up to 
extinction after exposure? 
 
 
4 EXPERT SELECTION AND ASSESSMENTS 
 
Following the criteria mentioned in section 3 (under 
Selecting experts), 68 experts were selected for all 
eight panels, of which two experts provided 
assessments in two panels. The panels mentioned in 
one table performed their assessments at the same time, 
having a joint training session. 

Table 5 gives an overview of aggregated experts' 
assessments on some of the elicitation variables. The 
examples shown indicate large differences in assessed 
ranges for the 90 percent central confidence bands. The 
bands vary from a factor of 2 to about three orders of 
magnitude. In those assessments where the individual 
experts' assessments deviate, wider bands are derived 
for the combined experts' judgements. This is partly 
caused by the procedure of equally weighting all 
experts. For the dispersion and deposition panels 
performance-based weighting schemes were also 
investigated (see EUR 15856 in Table 2), which shows 
narrower combined judgements.  
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Table 5. Examples of quantile points for distributions given by the experts (aggregated data over all panel experts panel) 

Elicitation variable  Unit 5th  
percentile 

50th 
percentile 

95th 
percentile 

Centerline concentration ratio (weather class 
A/B) at 3 km  

 s m-3 2.24 E-8 3.08 E-7 2.48 E-6 

Centerline concentration ratio (weather class 
E/F) at 3 km 

 s m-3 1.03 E-6 1.07 E-5 8.47 E-5 

Dry deposition velocity at 5 m s-1 wind speed 
for elemental iodine on meadow 

 cm s-1 0.0095 1.22 20.8 

Dry deposition velocity of 1 µ particles on 
meadow 

 cm s-1 0.0054 0.11 2.60 

Fraction of elemental iodine removed by 0.33 
mm of rain during 10 minutes 

 - 0.0024 0.062 0.40 

Fraction of 1 µ particles removed by 0.33 mm 
of rain during 10 minutes 

 - 0.0016 0.023 0.64 

γ dose rate in air at 1 m above a uniform, flat 
and open lawn at average deposition of 1 Bq m-

3 95Zr/95Nb at initial deposition and at 30 days 
resp. 

 Gy s-1 4.40 E-16 
2.44 E-16 

8.37 E-16 
7.65 E-16 

2.40 E-15 
1.45 E-15 

Ratio of effective dose for 137Cs in-
doors/outdoors in a low, medium and high 
shielding building respectively 

 - 0.053 
0.021 
0.00063 

0.36 
0.094 
0.017 

0.89 
0.28 
0.11 

Transfer factor of Cs to cow's meat Ff    d l-1     0.0030 0.039 0.093 

Transfer factor of Cs to cow's milk Fm    d l-1 0.0010 0.0055 0.022 

Cs root uptake concentration ratio for grain on 
generic soil after 6 months, 3 years and 10 
years resp 

Bq kg-1 fresh 
mass plant per 
Bq kg-1 dry 
mass soil 

0.00097 
0.00075 
0.00043 

0.028 
0.015 
0.012 

0.25 
0.18 
0.089 

Interception factor for grain - 0.023 0.46 0.98 

Resuspension factor for surface crop - 1.16 E-9 3.19 E-8 2.14 E-5 

Dose coefficient for inhalation to the lung of Sr, 
Cs and Pu resp (for adults) 

 Sv Bq-1 1.54E-10 
1.55 E-9 
3.62 E-7 

1.44 E-7 
9.10 E-9 
9.00 E-6 

8.20 E-7 
8.11 E-8 
0.00015 

Dose coefficient for ingestion to bone marrow 
of Sr, Cs and Pu resp. 

 Sv Bq-1 3.35 E-9 
6.90 E-9 
2.20E-10 

1.01 E-7 
1.28 E-8 
2.73 E-8 

8.10 E-7 
2.64 E-8 
9.48 E-7 

LD50 for whole body dose at 100 Gy hr-1 dose 
rate for adults 

 Gy 2.2 3.4 4.5 

LD50 for lung dose at 100 Gy hr-1 dose rate for 
adults 

 Gy 7.1 8.8 11 

Risk coefficient for thyroid cancer deaths over a 
lifetime after a high dose of 1 Gy in 1 minute 

 Gy-1 6.9 E-8 0.00059 0.071 

Risk coefficient for leukemia deaths over a 
lifetime after a high dose of 1 Gy in 1 minute 

 Gy-1 0.00026 0.0091 0.023 

Risk coefficient for all cancer deaths over a 
lifetime after a high dose of 1 Gy in 1 minute 

  Gy-1 0.035 0.10 0.28 
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The dispersion experts tended to rely on the 
Gaussian model, particularly to estimate the 
median assessments, and used different approaches 
to derive the 5% and 95% quantiles. The 
deposition experts tended to use a wide variety of 
models for dry deposition and agreed that there is a 
lot of modelling uncertainty still driving the wider 
bands of the wet deposition assessments. The 
deposited material and external dose experts based 
their assessments mostly on observations from the 
Chernobyl accident. For all radionuclides the 
experts gave relatively narrow confidence bands.  

The foodchain experts used a variety of models 
and based their assessments largely on theoretical 
considerations and experiments. In some cases 
individual experts provided large uncertainty 
bands. For instance, the resuspension factors were 
assessed with an aggregated range factor of more 
than 10,000, with the 50% quantile relatively close 
to the 5% quantile. The internal dosimetry experts 
largely made use of knowledge and experiences 
gained in the ICRP committees. For instance, the 
assessments for absorption of radionuclide 
elements to blood following ingestion were 
similar, reflecting current ICRP work. Other 
assessments, such as retention of strontium, 
caesium and plutonium in tissues after absorption 
to blood showed a wide diversity in the experts' 
answers. 

 
 

5 SELECTION OF PARAMETERS FOR THE 
UNCERTAINTY ANALYSIS OF THE 
COSYMA CODE 

 
The uncertainty analysis of the COSYMA code 
consisted of an overall analysis preceeded by four 
submodule analyses.  

As described in the individual submodule analy-
ses, partial rank correlation coefficients (PRCC) and 
percentage contributions derived from R² values 
were used to provide an ordered list of model pa-
rameters according to their contribution to the un-
certainties of code endpoints. The number of pa-
rameters considered in these analyses are given in 
Table 6. The same procedures were used to identify 
those parameters whose uncertainty makes an im-
portant contribution to the uncertainty from the 
overall analysis. 

Restrictions to the available CPU time and disk 
storage limit what can be undertaken in a single 
analysis. As a consequence, the number of parame-
ters should not be much larger than in the individual 
submodule analyses. The following considerations 

led to the total of 186 model parameters for the 
overall analysis. 
Table 6. Overview of the COSYMA code uncertainty 
analysis 
Submodule   Number of parame-

ters considered in 
Abbr. Name       submodule  overall 
            analysis   analysis 
ATM     Atmospheric dispersion   28     24 
             and deposition module   
FOO  Food chain module    162    35 
DCF      Dose conversion factors  159    100 
HEM     Health effects module   27     27 
OVA  Overall analysis     376    186 

 
The number of parameters used in the ATM and 

HEM analyses is small compared to those of FOO 
and DCF. Therefore, only those parameters of ATM 
were taken out which give no contribution to the 
uncertainties for physical reasons. As the fraction of 
organic iodine is only 1% of the total iodine release, 
the four dry and wet deposition parameters for or-
ganic iodine were excluded from the overall analy-
sis (see Table 6). All uncertain parameters contrib-
uting to the health effects were identified as 
important for at least one of the endpoints. 

The selection of the most important parameters 
for FOO and DCF is described in detail else-
where(6,7). The procedure ensured that those parame-
ters are included that are assigned first or second 
rank using PRCC or those that make more than 15% 
contribution to the overall uncertainty for at least 
one endpoint and source term. It was applied to the 
mean values and the 95th and 99th percentiles of 
endpoints. 

The submodules FOO and DCF consist of a 
number of models. In some cases, the experts gave 
uncertainty distributions of outputs of such models. 
They were used to quantify the uncertainties of the 
parameters of the model. If the OVA were carried 
out using only some of the parameters from a box 
model, then the distribution on the outputs of that 
model would not reflect the distributions specified 
by the experts. Therefore, where some parameters 
from a model were identified as important, the re-
maining parameters for that model were also in-
cluded in the final analysis. This led to the number 
of parameters given in Table 6. The food module 
analysis considered the uncertainty on the food 
chain transfer of a number of radionuclides, which 
might be important contributors to the overall un-
certainty on the module endpoints. However, it was 
found that the uncertainty is dominated by only a 
few nuclides, and so there are few food chain pa-
rameters that need to be considered in the final 
analysis. 
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Besides the PRCC ranking, the percentage con-
tribution to the uncertainties of endpoints provided 
by the selected parameters can be used to check 
whether the selection of the FOO and DCF parame-
ters is appropriate. The general result is that for the 
majority of endpoints more than 90% of the uncer-
tainties of the 99th percentiles can be explained by 
those parameters selected for the overall analysis. 
Only in a few cases smaller percentages are found; 
these cases generally correspond with rather low R² 
values (typically < 0.4) where the uncertainty can-
not be explained by simple linear or monotonic rela-
tionships between the input parameter values and 
the consequences. 
 
 
6 CONCLUSIONS 
 
Uncertainty distributions were developed which 
represent state-of-the-art knowledge in the eight areas 
mentioned in Table 1. The quantile points of the 
uncertainty distributions assessed by the experts 
relate to physically measurable quantities, conditional 
on the case structures provided to them. The experts 
were not directed to use any particular modelling 
approach but were free to use whatever models, tools, 
and perspectives they considered appropriate for the 
problem. The elicited distributions obtained were 
developed by the experts from a variety of 
information sources. The aggregated distributions 
therefore include variations resulting from different 
modelling approaches and perspectives.  

The experts were also asked to provide 
quantitative data on dependencies between the elicted 
variables, the dependencies are not elaborated further 
in this paper. 

Valuable information has been obtained from this 
exercise.  Thus, the goal of creating a library of 
uncertainty distributions, which will have many 
applications outside of the scope of this project, has 
been fulfilled. In this project, teams from the USNRC 
and European Commission were able to successfully 
work together to develop a unified process for the 
development of uncertainty distributions on 
consequence code input variables. Use of staff with 
diverse experience and expertise and from different 
organisations made possible a synergistic interplay of 
ideas, which would not have been possible if they 
had worked in isolation. Potential deficiencies in 
processes and methodologies were identified and 
addressed in this study, which might not have 
received sufficient attention in studies conducted 
independently. It is believed that the final product of 
this study carries more weight than either 
organisation could have produced alone.  

Furthermore, in this exercise, formal expert 
judgement elicitation has proven to be a valuable 
vehicle to synthesize the best available information 
by a qualified group. With a well designed elicitation 
approach addressing issues such as elicitation 
variable selection, case structure development, proba-
bility training, communication between the experts 
and project staff, and documentation of the results 
and rationale, followed by an appropriate application 
of the elicited information, expert judgement 
elicitation can play an important role.  Indeed, it 
possibly becomes the only alternative technique to 
assemble the required information when it is 
impractical to perform experiments or when the 
available experimental results do not lead to an 
unambiguous and non-controversial conclusion. The 
distributions for the code input parameters are avai-
lable on computer media and can be obtained from 
the project staff.  

The uncertainty analyses performed with the 
program package COSYMA provide quantitative 
information on the uncertainties of all endpoints of 
probabilistic accident consequence analyses, which 
might be relevant in decision making or other appli-
cations. The investigations cover a large spectrum 
of source terms and provide a large data base to-
gether with an extensive documentation. Some 
guidance is given how to quantify the uncertainties 
of consequence assessments other than those per-
formed in the analyses. In complementary sensitiv-
ity analyses, the contribution of submodules of CO-
SYMA to the uncertainties and the most important 
parameters responsible for them have been identi-
fied. Their evaluation can help identify areas for 
further R&D work aiming at reducing the uncertain-
ties by model improvements. 
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1 INTRODUCTION : THE ISSUE OF 
QUANTIFYING SOURCES OF 
UNCERTAINTIES IN INDUSTRIAL 
STUDIES 

 
A growing number of industrial risk studies include 
some form of treatment of the numerous sources of 
uncertainties affecting the conclusions. Among oth-
ers, EDF R&D has gradually undertaken a system-
atic approach of the issues, regarding a large num-
ber of applications beyond the traditional reliability 
domain, including in particular : 
• nuclear safety studies involving large scientific 

computing (thermo-hydraulics, mechanics, neu-
tronics etc.) or Probabilistic Safety Analyses 
(PSA) 

• environmental studies (flood protection, ef-
fluent control etc.) 

 
For most of those applications, at least partially 
probabilistic modelling of the uncertainties is con-
sidered, although deterministic uncertainty treat-

ment or more elaborate non-probabilistic ap-
proaches keep their share. Then, apart from the 
important uncertainty propagation issues in the 
context of often complex and high-CPU demanding 
scientific computing, one of the key issues regards 
the quantification of the sources of uncertainties, 
i.e. choosing in an accountable manner statistical 
models (mostly probability distribution functions) 
for the input variables such as uncertain physical 
properties of the materials or industrial process or 
natural aleatory phenomena (wind, flood, tempera-
ture …). 
 
Two key issues are traditionally encountered at this 
stage : 
a) how to deal with the highly-limited sampling 

information directly available on uncertain in-
put variables in any real-world industrial case 

b) how to account for quite different natures of 
uncertainties, such as the traditionally-
distinguished intrinsic aleatory uncertainties 
(whatever the information available) and re-

A simple Bayesian proposal to aggregate expert judgement and 
observations on epistemic and aleatory uncertainties - extensions 
and associated industrial needs 

Etienne de Rocquigny 
EDF R&D MRI, 6, quai Watier, 78401 Chatou Cedex, France 

ABSTRACT: A growing number of industrial risk studies include some form of treatment of the numerous 
sources of uncertainties affecting the conclusions. Apart from the propagation of uncertainties (in the context 
of often complex and high-CPU demanding scientific computing), two key issues are traditionally encoun-
tered at the key step of quantification of sources of uncertainties : (a) how to deal with the highly-limited 
sampling information directly available on uncertain input variables in any real-world industrial case; (b) 
how to account for quite different natures of uncertainties, such as the traditionally-distinguished intrinsic 
aleatory uncertainties and reducible epistemic uncertainties. These do benefit from schemes designed to inte-
grate both expert judgment and indirect observations, in a way that accounts clearly for the different natures 
of uncertainties involved. For industrial studies, these schemes, somehow classical to the “academic” uncer-
tainty community, need to be developed both simply enough to be practicable for industry engineers and ac-
countably enough to be acceptable in front of the safety or environmental control authorities.  
After mentioning the industrial needs on these issues, this paper introduces two simple Bayesian settings to 
account pedagogically for these issues under gaussian hypotheses, and develops some extensions. Those ex-
tensions quickly involve however more elaborate expert elicitation schemes, sometimes computational chal-
lenges (especially in the case of indirect information needing physical model inversion) and potentially more 
difficulties to communicate to industrial audiences; more applied research is suggested to foster adequate 
compromises between statistical sophistication and pedagogical virtue in industrial applications. 
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ducible epistemic uncertainties (e.g. due to the 
limited information available)  

 
For industrial studies, these issues a) and b), al-
though being somehow classical to the “academic” 
uncertainty community, need to be addressed both 
simply enough to be practicable for industry engi-
neers and accountably enough to be acceptable in 
front of the safety or environmental control authori-
ties. 
 
Purpose of this paper is to situate the industrial 
needs on these issues, and open up the debate for 
adequate answers with a simple pedagogical pro-
posal. 
 
2 DETAILED CONTEXT : ACCOUNT FOR 

MIXED UNCERTAINTIES WHILE 
INTEGRATING EXPERT JUDGMENT AND 
INDIRECT INFORMATION 

 
Referring to the classification of key issues made 
here above, issue a) can largely benefit from two 
strategies : 
• (a1) integrate expert judgment, such as likely 

bounds on physical intervals or more elaborate 
probabilistic information 

• (a2) integrate indirect information, such as data 
on other more easily observable parameters that 
are linkable to the uncertain variable of interest 
by a physical model 

 
As far as EDF is concerned, methods for (a1) re-
ceived formal probabilistic treatment in industrial 
studies essentially in the field of reliability studies, 
through Bayesian modelling of mostly lifetime dis-
tributions (Lannoy et al. (1994)). In other fields, 
such as physical or environmental modelling, prac-
tice remains quite informal although a large poten-
tial information is acknowledged with the physical 
expertise of industrial engineers.  
 
Methods for (a2) point to the use of probabilistic 
inverse methods since the recovering of indirect in-
formation involves generally the inversion of a 
physical model to transform the information into a 
virtual sample of the variable of interest before ap-
plying to it classical statistical estimation. This field 
is acknowledged to have quite a large industrial po-
tential in the context of rapid growth of industrial 
monitoring and data acquisition systems : on a nu-
clear reactor, large flows of data are generated for 
multiple physical monitoring (on pressure, tempera-
ture, fluence etc.) thereby documenting the intrinsic 
physical variability of the systems. Proper model 
calibration and inverse algorithms could theoreti-
cally supply information on the unobservable 

sources of uncertainties that are at the root of the 
process, e.g. thermal exchange coefficients, basic 
nuclear parameters etc. One of the big issues in 
practice is to limit to a reasonable level the number 
of (usually large CPU-consuming) physical model 
runs inside the inverse algorithms. 
 
Issue b) covers both large epistemological debate 
and potentially complex mathematical modelling 
and has benefited from intense academic research 
(see for instance Helton et al. (1996) & (2004)) 
since the 1990s, and it is not the purpose of this pa-
per to argue on the interest or relevancy of various 
classifications (“epistemic”, “aleatory”, “error” etc.) 
: on an industrial point of view, it may be readily 
acknowledged that uncertainties do come from 
various natures and sources although in many prac-
tical cases various sources are densely commingled 
(e.g. a river friction coefficient, in flood protection, 
is both intrinsically variable (temporally) and sub-
ject of ignorance and modelling error at the same 
time); but even more basically, the first concern is 
to account for a global view with both simplicity 
and acceptability, in a cultural context where often 
basic issues such as the mere recognition of uncer-
tainty importance or practical acceptability of prob-
abilities are not yet resolved.  
 
To start with a simple picture, discussion will here-
after be principally focused on sampling informa-
tion-linked epistemic uncertainties vs. aleatory un-
certainty, while naturally many other sources of 
epistemic uncertainties occur in risk studies such as 
model uncertainty, spatial or temporal discretisation 
errors etc. 
 
While issue b) has benefited from intense academic 
research (see for instance Helton et al. (1996) & 
(2004)), with sometimes elaborate mathematical set-
ting (multiple-layer probabilistic models or hybrid 
probabilistic-possibility/fuzzy sets/interval-based 
etc.), current industrial practice has so far been 
based on quite simple models, namely: 
• mix all types of uncertainties characterizing a 

particular variable through a “penalized” pdf : 
i. either by some expert choice of pdf pa-

rameters that cover the existing information 
plus an epistemic margin,  

ii. or more formally by taking the upper 
confidence interval estimators for a particular 
parameter of the pdf estimated through clas-
sical statistical methods (e.g. max. likeli-
hood) 

• undertake sensitivity analyses on several mod-
els including aleatory uncertainties, varying the 
pdf parameters to account for epistemic uncer-
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tainties (mainly sampling epistemic uncertain-
ties, due to limited samples) 

 
The purpose of this paper is to open the discussion 
on how to treat, under industrial constraints, issues 
a) and b); we introduce hereafter, as a starting point, 
a way to account for a) and b) that proved to be 
quite pedagogical in an industrial audience, through 
a simplified gaussian Bayesian proposal.  
 
This simple proposal can then be extended : 
• to a more complete, but still analytical, Bayes-

ian setting (through normal-gamma laws) 
• to a model including indirect information 

through the inversion of a physical model, 
keeping gaussian setting for analytical ease 

 
In fact, it will be recalled that these proposals are 
formally quite similar to the more general “Standard 
Bayesian Approach” to cumulate epistemic and 
aleatory uncertainties (Zio & Apostolakis, or Helton 
papers in Helton et al. (1996)), but the purpose is to 
simplify it to be pedagogical/accessible enough for 
industrial pilot studies. 

3 PRINCIPLE OF THE SIMPLIFIED 
BAYESIAN PROPOSAL 

3.1 schematic situation : one uncertainty variable 
with limited/heterogeneous information 

Start with the simple situation of a unique uncer-
tainty variable Ks ; we pedagogically illustrate it by 
a flood friction coefficient (noted Ks for “Strickler 
coefficient”) governing the depth of water necessary 
to draw a given flow along a given slope; the typi-
cal information available would be : 
• some expert judgment about a reasonable 

(“mostly observed”) maximal interval of varia-
tion 

• if probabilistic treatment, a reasonable hypothe-
sis that its pdf is gaussian (e.g. for reasons of 
symmetry and “addition of multiple independ-
ent micro-phenomena) 

• a few empirical samples Ksi (typically less than 
10) 

 
Standard industrial practice would typically either : 
• assume an fixed interval of variation (e.g. taken 

at the maximum range between the expert and 
possibly the few samples outside) 

• or take a gaussian pdf, adjusted through a 95% 
bilateral confidence interval equating the range 
of the expert interval 

• or take a gaussian pdf based on empirical stan-
dard deviation and mean on the limited sample 

• or take one of these approaches and add some 
guessed “margin” to account intuitively for the 
lack of data 

 
None of these quite elementary approaches account 
in some formal and explicit way for the alea-
tory/epistemic compounds, nor for the “learning 
process” due to acquisition of samples on top of ex-
pert judgment. 

3.2 a simple Bayesian proposal 

The idea is to take a gaussian pdf for Ks, but explic-
itly cumulating, within the variance, an “aleatory” 
component ( progressively adjusted to empirical 
variance), and an “epistemic” component initially 
adjusted on expert judgment and decreasing as the 
empirical information becomes available. So that 
more information leads explicitly to a decrease of 
the epistemic uncertainty, and to convergence to the 
real empirical variance (i.e. “pure aleatory uncer-
tainty”). This is achieved through a simplified 
Bayesian model, and a basic rule to take into ac-
count the expert judgment. 

3.2.1 the probabilistic model 
 
Ks is defined as a gaussian random variable 
 

Ks \ θ= m ~ N(m,σ²) 
 
… representing the “pure aleatory uncertainty”, 
conditional on the perfect knowledge of  m (i.e. no 
ignorance), while 
 

θ =  m  ~ N (µ, τ²) = π0 (θ) 
 
… brings a component of Bayesian (prior) epis-
temic uncertainty. Note that the parameter θ  is sca-
lar here, covering only a “poorly-known” expecta-
tion of Ks (noted as m). 
 
Therefore the prior “unconditional” random vari-
able Ks follows a N(µ, τ²+σ²) : comprising both 
“aleatory” and “empirical” uncertainty components. 
 
Hence, when (Ks i) i=1.. n empirical observations 
(supposedly i.i.d. N(m,σ²) conditionally to a com-
mon fixed m) become available, then epistemic un-
certainty modifies to the posterior pdf 
 

m \ (Ks i) i=1.. n ~ πn (m) 
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which is quite classically, for a gaussian-gaussian 
Bayesian model : 
 

πn (m) = N (mn , τ²n) 
 

where   
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sK  being the classical empirical mean. 
 
Hence, the posterior Ks \ (Ks i) i=1.. n (which is un-
conditional to m, but conditional to the observations 
(Ks i) i=1.. n) becomes 
 

Ks \ (Ks 1 , Ks 2 , … Ks n) ~ N (mn , τ²n + σ²) 
 
i.e. combines aleatory uncertainty (σ²) and posterior 
epistemic uncertainty (τ²n ). 
 
Unsurprisingly, it can be computed that the poste-
rior epistemic uncertainty decreases always with n, 
and for large n,  the posterior Ks tends approxi-
mately to ²),( σsKN (i.e. the classical ML estimate 
of a gaussian sample of known variance), the epis-
temic component of variance τ²n becoming negligi-
ble. 

3.2.2 a simple way to take expert judgment 
 
Now we suggest to : 
• ask the expert to quantify a “mostly observed 

physical interval” representing his best-estimate 
for intrinsic uncertainty, and take it as a base for 
the prior mean and prior intrinsic uncertainty so 
that the interval ranges over 2 double-sided 
standard deviations (SD) : for example an ex-
pert interval of [15, 45] would lead to µ=30 and 
σ² =7.5² 

• ask the expert to infer additional enlarged 
bounds of epistemic uncertainty, representing 
his guess for order of magnitude of ignorance 
on the first interval; deduce the τ² by equating 
this enlarged interval to a double-sided two-SD 
for prior combined uncertainty τ²+σ²: for ex-
ample an ignorance of +-10 on the bounds leads 
to an enlarged interval of [5, 55], i.e. 
τ²+σ²=12,5². 

• Alternatively, the expert could be asked to pre-
sume first a fully-enlarged uncertainty interval 
(being taken for τ²+σ²) and then infer a propor-
tion of ignorance (this proportion of the interval 

being then taken as a double-sided two-sd to in-
fer τ only) 

• later substitute the prior aleatory component by 
the empirical variance (the classical unbiased 
estimator) of the observed sample (i.e. replace 
σ² by s²), provided a “minimum number” of ob-
servations 

 
In that case, the best guess for the combined alea-
tory +epistemic uncertainty becomes : 
• if no sample is available, prior Ks follows N(µ, 

τ²+σ²) completely assessed by expert judgment 
(and covering the expert “reasonable range”) 

• if n samples are observed, thus completing the 
expert judgment, posterior Ks follows N(mn , 

τ²n+s²), i.e. a Bayesian-mixed mean and a com-
pounded variance, the epistemic part being re-
duced from the initial expert guess, and the 
aleatory component reflecting the empirical 
“true” variance. 

• when the number of observations n becomes 
large, Ks tends to ²),( sKN s (i.e. the classical 
gaussian estimates with variance unknown), 
purely “aleatory”, i.e. with intrinsic variance. 

 
Note that a precise inference of the proportion of 
“prior epistemic uncertainty” within the prior expert 
range is not very sensitive, since it becomes rapidly 
overtaken by the sample : conservatively, it can be 
taken as a rather large proportion of the initial 
range, the aleatory component being corrected any 
way by the empirical variance. 

4 DISCUSSION AND EXTENSIONS 

4.1 Discussion of the simple setting 

This firstly introduced Bayesian setting has some 
pedagogical features, that proved interesting to an 
industrial audience as a starting point : 
• completely analytical 
• explicitly combines epistemic and aleatory un-

certainties as additive components of the total 
variance 

• easily reflects the learning process 
 
It has however some limitations : 
(i) provided that the gaussian setting is acceptable, 
direct replacement of the prior aleatory component 
by the empirical variance of a small sample : 
o cannot be “fairly” conceptualised under a 

Bayesian probabilistic model 
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o does not account for the estimation variabil-
ity of the true variance : the latter appearing 
quite important for restricted samples 

(ii) gaussian hypothesis is clearly not ubiquitous (al-
though often used in industrial uncertainty model-
ling for the sake of simplicity), particularly in safety 
context with “out-of-equilibrium” or focus on ex-
treme values for some sources of uncertainty 
 
In fact, limitation (i) can be addressed by a bit more 
complex – however still analytical - Bayesian 
model, as will be indicated in §4.2 hereafter, while 
(ii) can be addressed through more general – often 
necessarily numerical – Bayesian models; this gen-
eralisation happens to be the “standard Bayesian 
approach” of the uncertainty literature (see §4.4). 
 
Additionally, note that the issue of how expertise 
can be practically elicited to provide the required 
values in an accountable “unbiased” manner (e.g. 
ability to clearly understand and answer two com-
ponents of prior uncertainties) has not been studied 
in real extent. 

4.2 A more complete Bayesian gaussian setting 

Keeping the assumption that the aleatory uncer-
tainty of our physical variable can be reasonably 
modelled as gaussian, a more complete Bayesian 
probabilistic model can be built with a description 
of the (epistemic) uncertainty on both expectation 
and variance (θ1,θ2) as opposed to the previous 
model where only the expectation (θ) was modelled 
through an “inner” random variable 
 

Ks \ θ ~ N(m,σ²) and θ= m ~ N (µ, τ²)=π0 (θ) 
 
…. is replaced by 
 

Ks\ (θ1,θ2) ~ N(θ1,θ2) 
and (θ1,θ2)=(m,Σ ²) ~ F((m,Σ ²)\ζ) 

 
where F((m,Σ ²)\ζ)  is a known distribution with 
known (by expert judgment elicitation) “hyper-
parameters” ζ. 
 
In that 2-dimensional case, it proves not to be ana-
lytical any more to assume that (θ1,θ2) follows 
multi-normal law (plus the fact that the uncertain 
variance cannot have negative values). A normal-
gamma setting offers natural (and hence analytical) 
conjugate distributions when aleatory uncertainty is 
sought to be (conditionally) normal (see for exam-
ple Droesbeke et al. (2002)); which is practical :  
 
 

• the uncertain variance Σ ² follows an inverse-
gamma law 

• the uncertain expectation m (in fact, condition-
ally to a certain variance m \ Σ ²) follows a 
gaussian law 

 
In that case, analytical calculations remain possible 
for the combined uncertainty (i.e. unconditional to 
epistemic uncertainties). The reference law becomes 
a Student law (noted T(.)) for both prior and poste-
rior combined uncertainty. Although a little more 
complex, the model can be read in good correspon-
dence with the first one, as shown in the table be-
low. 
 
Table 1 – comparison of Bayesian gaussian settings 
Gaussian simplified 
model 

Complete gaussian setting 

Ks \ θ= m ~ N(m,σ²) Ks\ (θ1,θ2)=(m,Σ ²) ~ N(m,Σ ²)  
σ² is fixed 
 
 
 
m  ~ N (µ, τ²) 
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Ks ~ N(µ,σ²+τ²) 
=> Var(Ks)= σ²+τ² 
 

Ks ~ T(µ,σ²+τ²,vo) 
=> Var(Ks)= (σ²+τ²).vo /(vo-2) 

m \(Ksi)i=1..n~N(mn,τ²n) 
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=> Var(Ks)=  s²+τ²n 

m \(Ksi)i=1..n~T(mn,τ²n,vo+n) 
 
Ks \(Ksi)i ~T(mn, σn²+τ²n,vo+n) 
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=>Var(Ks)= 
( σn²+τ²n) (vo+n) / (vo+n-2) 

 
This more complete gaussian setting requires 
slightly more elaborate expert-judgment for the 
prior uncertainties (4 parameters instead of 3), as 
shown in the table 2 
 
Table 2 – Requirements for expert elicitation in both 
models 
Values to be elicited Signification 
µ Best-estimate for the physical 

variable central value (prior ex-
pectation for both models) 

σ² Best-estimate for the intrinsic 
uncertainty (N.B. in the second 
model, prior expectation of the 
intrinsic uncertainty is propor-
tional to σ², but shifted by vo if 
vo is small) 
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τ² (or Bo =σ²/τ² in 
second model) 

Estimate for the epistemic un-
certainty first component 
(unique component in first 
model, uncertainty of the “ex-
pectation bias” for the second) 
Small τ² : very precise expertise 
(on µ only in second model) 
Large τ² : low-informative ex-
pertise (id.) 

vo (only for second 
model ; vo>2 for non-
degeneracy) 

Estimate of the epistemic uncer-
tainty second component (uncer-
tainty of the intrinsic uncertainty 
for the second only) 
Small vo : low-informative ex-
pertise on intrinsic uncertainty 
Large vo : very precise expertise 

 
Note that: 
• the posterior expectation of Ks is strictly identi-

cal in both models: it corrects the (expert-
judged) central value µ by the observed empiric 
mean, with a increased (resp. decreased) weight 
upon the observed mean if prior epistemic un-
certainty τ² is larger (resp. smaller) than prior 
intrinsic uncertainty σ² and if the number of ob-
servations n is large (resp. small) 
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• Ks uncertainty shapes (prior and posterior mar-
ginal laws of the observable Ks) follow Student 
laws in the second model, but this becomes 
comparable to the simplified gaussian shapes as 
the number of observations increase the number 
of d.o.f. (all the more so when vo is fixed to 
high values, i.e. intrinsic uncertainty is reck-
oned to be precisely assessed by expert)  

• In both models, variance additivity trace epis-
temic (τ² or τ²n) and aleatory (σ², s² or σ²n) 
components; however, at a low number of ob-
servations, variance is inflated in the second 
model by a non-negligible multiplicative com-
mon epistemic uncertainty factor (vo +n)/(vo+n-
2) 

• The second model offers theoretically-fair rep-
resentation of the posterior “intrinsic uncer-
tainty” σ²n where the use of s² in the first model 
was intuitively-correct but hardly theoretically-
interpretable. It appears essentially as a weight-
ing between the prior best-estimate for intrinsic 
uncertaintyσ² and the empiric variance s², 
weighted by the expert-judged precision vo of 
σ², but includes also a “bias” contribution Dn 
(not negligible if prior best-estimate µ departs 
significantly from true expectation): 
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• Asymptotically, both models tend to the classi-
cal ML estimates, expert judgment component 
becoming negligible. 

4.3 numerical example 

 
Simple numerical examples are provided hereafter. 
A sample of observations (n=3, 10 or 30) is firstly 
generated by random simulation according to a 
N(27,7^2) normal law; hence the learning process is 
tested with the two models and the following sce-
narii of expert judgment  :  
(1) prior expert judgment is supposed to be of the 
right order of magnitude and only slightly biased, 
however epistemic uncertainty if fixed at moder-
ately large values (vo = 3 is poorly informative), 
(2) identical to (1) but with a largely over-estimated 
prior central value, 
(3) identical to (1) but with a largely-overestimated 
prior intrinsic uncertainty (in fact even non-physical 
if negative values of K are precluded). 
 
Posterior complete Standard Deviation (SD) is 
computed from the posterior full variance of Ks as 
indicated in the last line of table 1. As a matter of 
comparison, the classical upper bound of a one-
sided χ² confidence interval on the s² estimator of 
σ² is given in the tables 4, 5 and 6. 
 
Table 3 – Hypotheses of the three examples 

 
Real 

values

(1) Prior 
Expert 

judgment 

(2) Prior 
Expert 

judgment

(3) Prior 
Expert 

judgment
Mostly observed 
interval σ2±  

13-41
(95%) 18-42 48-72 10-70 

Full uncertain in-
terval ²²2 τσ +±  0 10-50 40-80 0-80 
Expectation 27 30 60 40 
Intrinsic SD (σ) 7 6 6 15 
Full SD ²² τσ +   10 10 20 
Epistemic (τ) 0 8 8 13 
Epistemic (vo) - 3 3 3 
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Table 4 – case 1 results 
Nb of observa-
tions  

 
0 3 10 30 

sK   - 25,3 30,2 26,2
s  - 4,5 5 6,6
s + 95% χ²   19,9 8,2 8,4
mn  30 26,1 30,2 26,3
First model τn 8 3,2 1,8 1,1

 
Posterior com-
plete SD 

 
10 5,5 5,3 6,7

Full bayesian τn 
 

8 2,7 1,6 1,2

 
Posterior com-
plete SD 

 
17,3 7,1 5,8 6,8

 
Table 5 – case 2 results 

Nb of observ.  
 

0 3 10 30 
sK   - 25,3 30,2 26,2

s  - 4,5 5,0 6,6
s + 95% χ²   19,9 8,2 8,4
mn  60 30,8 31,8 26,9
First model τn 8 3,2 1,8 1,1

 
Posterior complete 
SD 

 
10 5,5 5,3 6,7

Full bayesian τn 
 

8 5,8 2,4 1,4

 
Posterior complete 
SD 

 
17,3 15,2 9,0 8,1

 
 
Table 6 – case 3 results 

Nb of observ.  
 

0 3 10 30 
sK   - 25,3 30,2 26,2

s   - 4,5 5,0 6,6
s + 95% χ²   19,9 8,2 8,4
mn  40 29,7 31,3 26,8
First model τn 13 7,2 4,5 2,7

 
Posterior complete 
SD 

 
20 8,5 6,7 7,1

Full bayesian τn 
 

13 5,9 2,6 1,4

 
Posterior complete 
SD 

 
34,6 16,7 10,0 8,5

 
It can be observed in cases 1 and 2 that both models 
including expert judgments improve generally the 
purely empiric variance at low number of observa-
tions; an erroneous best-estimate for the expectation 
is rapidly overset by the empiric mean therefore not 
deteriorating too much the estimates. Full Bayesian 
model leads to a larger variance than the simple one 
(which is more conservative in safety studies), par-
ticularly under an erroneous best-estimate for ex-
pectation or intrinsic variance.  
 

Excessive prior variances, which would tend to rep-
resent conservative approaches in safety studies 
with low information, have a moderate impact on 
posterior central values, but do lead to large poste-
rior variance, all the more so for the second model : 
the observations do reduce the overestimation but at 
a relatively slow pace (slower than the classical up-
per bound χ² confidence interval in case 3 : how-
ever this classical C.I. is highly fluctuating at low 
number of observations, and the result could differ 
on another sample). This can be interpreted as keep-
ing a significant epistemic component on top of the 
true intrinsic uncertainty, which is acceptably con-
servative.  
 
Repeated testing on a large number of samples 
rather than just one would of course be necessary to 
confirm those first very tentative hints, including a 
larger parametric study of all possible expert elicita-
tion results. 

4.4 Extension to non gaussian settings : a 
connection to “standard Bayesian approach” 

More generally, leaving aside the gaussian hypothe-
sis, the uncertain variable Ks can be defined in two 
stages : 
• aleatory : supposing its characteristics (pdf pa-

rameters) are fully known, Ks follows a given 
aleatory distribution fa 

Ks \ θ ~ fa ( ks \ θ) 
• epistemic : its characteristics are then modelled 

as not being perfectly known, leaving hereby a 
(probabilistically-modelled) epistemic uncer-
tainty fe (with hyper-parameters ζ, typically de-
termined by expert judgment) 

 
θ ~ fe (θ , ζ)= π o (θ) 

 
therefore a prior unconditional (complete) uncer-
tainty fpr can be computed by 
 

∫=
θ

θζθθ d),(f)./ks(f)ks(f eapr  

 
and Bayesian update of  fe and fpr conditional to an 
observed sample (Ks i) i=1.. n is done through the 
classical Bayesian formulae. 
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This general setting combines therefore aleatory and 
epistemic uncertainties, both being modelled prob-
abilistically; it is sometimes referred to as “standard 
Bayesian approach” (see Helton et al. (1996)). Prac-
tical difficulties with this last setting are classically 
(1) a potential numerical burden (gradually solved 
by computing acceleration and advanced estimation 
algorithms, typically Monte Carlo Markov Chains 
(MCMC)), (2) conceptual difficulties : much more 
important to an industrial, both at the expert elicita-
tion phase, and even more seriously at the commu-
nicating stage with client or controlling authority. 

4.5 Extension to indirect information, involving 
the inversion of a physical model 

In many industrial cases, observations are in fact 
available on other physical variables Y (Y being of-
ten a vector of more than one types of physical ob-
servations) than the sources of uncertainties of in-
terest X (also a vector in real cases, generalising the 
scalar uncertainty source Ks); but they can be gen-
erally be connected to each other, through a deter-
ministic (and supposedly quite well-known) physi-
cal model Y = H (X). 
This is for example the case when: 
• flood monitoring generates data on maximal 

water elevations or velocities rather than on un-
certain friction coefficient or riverbed topology 

• monitoring of nuclear reactors generates data on 
external neutron fluxes, or tempera-
tures/pressure at inlet/outlet rather than fuel rod 
temperatures or internal thermal exchange coef-
ficients 

 
Extension of the simple Bayesian settings can be 
built easily on the hypotheses of gaussian uncertain-
ties plus physical linearity (i.e. linearisation of H(X) 
~ H(Xm)+ gradH .( X- Xm) within the supposedly 
limited range of uncertainties) : matrix calculus re-
places the straightforward scalar formulae, but re-
mains analytical, as shown in the following formu-
lae (adapted from the first simplified gaussian 
model to facilitate the reading of the formulae) 

),(~/ VxNxX mm  
representing the intrinsic uncertainty on X, ( mx  and 
V corresponding therefore to m and σ² of §3.2) 
while 

),(~ BxNX bm  
represents the prior epistemic component : as a gen-
eralisation of the §3.2 first simplified gaussian 
model, bx  (  µ) being the prior best-estimate for 
the central value of input physical variables X, and 
B (  τ²) the prior epistemic component on expecta-
tion. 

 
Observations are supposed to be available on 
 

)(XHY =  
Note that we assume here the absence of significant 
noise on observations. This means they can be re-
lated to input uncertainties by a perfect and well-
known deterministic model H(.), or rather consider 
that the model-measurement errors are assumed to 
be negligible as compared to input uncertainties. 
Hence, the conditional law of observed variables is : 
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When a sample of observations is collected, poste-
rior law of epistemic uncertainties becomes: 
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These formulae are formally identical to the basic 
BLUE estimator in linear gaussian data assimilation 
(as in meteorology), but their interpretation is quite 
different here, since data assimilation algorithms 
tend to model only epistemic uncertainty on the in-
put variable and interpret V (or rather HVH’) as 
model-measurement error without any account for 
intrinsic physical uncertainty (see Mahé & de Roc-
quigny, (2005)).  
 
The above formulae come up after some algebra 
(similar to Gauss-Markov theorem in linear regres-
sion) due to matrices involved and the need for in-
version of H ; they can be seen as a straightforward 
generalisation of the §3.2., ax standing for mn  and 
A for τ²n. 
 
Then, conforming to the §3.2.2, we suggest to iden-
tify the intrinsic uncertainty variance V (  σ²)  on 
the basis of the empiric variance observed on the 
sample RY  (  s²) 
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However in this generalised case, an inversion step 
is needed since V is attached to the X space while RY 
is estimated on the Y space, leading to the equation. 
 

Y
T

x RR =HH ..  
in order to finally estimate V ~ Rx 
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Unlike the simple 1D case of §3.2, identifiability 
proves there to be a non-trivial issue : if H is non-
injective (e.g. more dimensions on the vector of un-
certain physical variables X than on that of the ob-
servations Y) expert judgment is needed to select 
one of the multiple solutions.  
 
Note also that in this generalised setting, the num-
ber of parameters needing prior expert judgment 
becomes quite large if the dimension p of the uncer-
tain variable space X is large (at least p(3+p)/2 pa-
rameters for the prior best-estimate bx  and epis-
temic variance B ). 
 
Similarly to §4.1, 4.2 discussion, this setting should 
be more properly immerged into a complete normal-
gamma Bayesian model to track rigorously the mix-
ing of expert judgment and indirect observations. It 
is one of the starting points for more elaborate in-
verse probabilistic methods for parame-
ter/uncertainty identification, that generally require 
non-linear and/or non-gaussian settings (see for in-
stance Mahé & de Rocquigny, (2005)). 

5 CONCLUSION & FURTHER RESEARCH 
NEEDS 

A growing number of industrial risk studies include 
some form of treatment of the numerous sources of 
uncertainties affecting the conclusions. Apart from 
the propagation of uncertainties (in the context of 
often complex and high-CPU demanding scientific 
computing), two key issues are traditionally 
encountered at the key step of quantification of 
sources of uncertainties : 
a) how to deal with the highly-limited sampling 

information directly available on uncertain in-
put variables in any real-world industrial case 

b) how to account for quite different natures of 
uncertainties, such as the traditionally-
distinguished intrinsic aleatory uncertainties 
(whatever the information available) and re-
ducible epistemic uncertainties (e.g. due to the 
limited information available)  

 
These do benefit from schemes designed to inte-
grate both expert judgment and indirect observa-
tions, in a way that accounts clearly for the different 
natures of uncertainties involved. For industrial 
studies, these issues a) and b), quite classical to the 
“academic” uncertainty community, need to be ad-
dressed both simply enough to be practicable for in-
dustry engineers and accountably enough to be ac-
ceptable in front of the safety or environmental 
control authorities. 

 
After mentioning the industrial needs on these is-
sues, this paper has introduced a very simple Bayes-
ian setting to account pedagogically for the two is-
sues, and developed some extensions. The simple 
settings still need more complete testing to ascertain 
their behaviour (e.g. on erroneous initial expert 
judgement), and more importantly to be experi-
mented with experts, on real cases beyond peda-
gogical sessions carried out so far, to check they are 
practical. On the other hand, extensions introduced 
quickly involve however more elaborate expert 
elicitation schemes, sometimes computational chal-
lenges (especially in the case of indirect information 
needing physical model inversion) and potentially 
more difficulties to communicate to industrial audi-
ences. 
 
Adequate compromises between statistical sophisti-
cation and pedagogical virtue need to be developed 
to allow for larger industrial practice. Clearly, les-
sons drawn from the expert elicitation practice (at 
the centre of the present seminar) will be highly 
valuable to select the most practical models. 
 
Acknowledgments to P. Mahé for his collaboration 
on §4.4. generalisations and to G. Celeux for his 
suggestion to complete the initial simplified Bayes-
ian setting. 
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INTRODUCTION 

If we take a look to the way the industrial risk 
prevention process was structured in France, we 
will easily distinguish two times: before and after 
the Toulouse accident (September, 2001). 

During the last fifteen years, three aspects where 
classically considered, in France, to prevent the oc-
currence of industrial accidents: reducing risk at its 
source; limiting the effect of an accident; restraining 
the consequences of an accident. Regulation meas-
ures related to these aspects consist in:   
(a).  Risk reduction. Based on Safety Studies (SS), 

this refers to the risk reduction inside the indus-
trial site by choosing the right technical solu-
tions according to the best available ones (ex. 
Reducing quantity of substances, pressure and 
temperature of reactions, etc.) and by setting 
safety barrier up (ex. Installations survey, oper-
ability parameters control, intervention in case 
of default).Thus, the severity and/or the prob-
ability of an accidental even are than reduced.. 

(b).  Public information. Two structures where in-
charge of public information: 

 a regional structures such as “Permanent secre-
tary for the Prevention of Industrial Pollution”. 
This structure bring together locals actors (ex. 
administrations, local authorities, industrialist, 
media, experts, etc.) that have common interest 
in questions dealing with industrial environment 
aspects. The aim of this structure is to build a 
trustful climate of dialogue between the actors.  

 a local structure, such as “Local Committee of 
Exchange”, created by Seveso industrialists in 
dialogue with local associations and/or local au-
thorities and/or administrations. This structure 
allows to: helps the industrialist to have a better 
understanding of resident expectations; inform 
the residents of industrialist constraints and re-
cent risk reduction measures. 

(c).  Land use planning. According to the conclu-
sions of the Safety Studies (SS), the land use 
planning was based on a determinist approach 
that consist in taking into account the worse 
consequences of an accidental event that is the 
“consequences without the risk reduction meas-
ures”.    

(d).  Emergency plans. 
 

 

ABSTRACT: Since the Toulouse accident (2001), the French Authorities have emphasized the position of 
the Safety Study in the risk management process. In this new context induced by the promulgation of the law 
n°2003-699 of 30 July 2003 about the "prevention of the technological and natural risks and to the compen-
sation of the damages", the Safety Studies performed by the industrials is: 1. a demonstration of the risk con-
trol, 2. a support to the urbanization control around Seveso sites using Technological Risk Prevention Plans 
TRPP. Different categories of actors, such as general manager, operators, contractors, central and local Ad-
ministrations, associations, etc., are involved in the risk management process making it more complex. As a 
technical support to decision-makers in risk prevention from both public and private sectors, INERIS plays 
an important role in the evolution of the French risk prevention plan. This paper aims at revealing the differ-
ent decisional and expertise problems faced during the Safety Study and the Technological Risk Prevention 
Plans.  
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As we can notice, the 4 aspects presented above 
are based on the Safety Study (SS) and more pre-
cisely on the way “risk analysis process” is per-
formed. The deterministic conclusions consist in 
freezing the urbanisation in the largest diameter that 
represents the worse accidental scenario.  

The Toulouse AZF factory accident related to 
the storage off specification ammonium-nitrate, 
September 21, 2001 revealed the need to go towards 
a greater control of the risks and their consequences 
and towards a stronger implication of the various 
stakeholders in the industrial risks prevention proc-
ess. The Toulouse accident (2001) marks a turning 
in the industrial risk prevention process. Indeed, 
with more than 30 deaths in a radius of 500 meters, 
thousands of wounded and more than 26000 resi-
dences damaged on a radius of 3 kilometers [1], this 
accident has revealed the following needs: 
1. Control of the risks by acting on their source. 

This mainly consists in improving the way the 
risks control demonstration is carried out within 
the framework of the Safety Studies (SS). 

2. Reduction of the vulnerability around the 
Seveso sites (High Threshold). This consists in 
using natural hazard “Risk Prevention Plans” 
experience feedback to carry out “Technologi-
cal Risk Prevention Plans”. Using the propor-
tionate financial mechanisms, it will become 
possible to limit population exposure to the 
consequences of an accidental event. These 
mechanisms depend on the delimitation of three 
“regulation zones” to limit the present and the 
future building around the Seveso industrial 
sites. 

3. More implication and more dialogue with the 
various actors in the risk prevention process. 
This consists in:  

 instituting a greater participation of the 
employee in the risks control process, 
with a widening of the Health, Safety 
and Working Conditions Comity 
(HSWCC) missions; 

 going towards more implication of the 
various actors of risk prevention using 
the Local Committees of Information 
and Dialogue (LCID). 

These three objectives aim at increasing the 
transparency of the risk analysis process, and at go-
ing towards a greater coordination between the dif-
ferent actors in of the preventive risk management 
[2, 3]. 

 
One can notice that the two official documents 

represented by the “Safety Study” and the “Emer-

gency Plan” did not faced major evolution in their 
form and their finality.  

However, the limit between the “demonstration 
of risk control by the industrialist” and the “land use 
planning around the industrial sites” has been em-
phasized: while the first aspect is still the concern of 
the Safety Study, the second one is done in an other 
document called “ Technological Risk Prevention 
Plan”.    

Moreover, the Technological Risk Prevention 
Plan offers the potentiality of two major modifica-
tions in post-Toulouse French context making the 
technological risk prevention process, in one hand, 
more readable by being aims oriented (demonstra-
tion, land use planning, emergency) but, in an other 
hand, more complex. The following points give 
some aspects of this complexity:   

• The probability of occurrence of the acci-
dental event is now systematically consid-
ered for the land use planning around the 
industrial sites. That was not the case be-
fore the Toulouse accident were a perime-
ter was fixed, around the industrial site, 
without considering the measures set up by 
the industrialist to reduce the risk: This is 
the so called “determinist approach”. Due 
to a lack of experience feedback, the as-
sessment of a probability value to the oc-
currence of an accidental event is difficult 
to find. 

• A level of criticality is obtained for each 
major accidental scenario considering their 
kinetic, their probability of occurrence and 
their intensity. The aggregation of theses 
three aspects for each scenario is compli-
cated to Asses. 

• The various actors concerned by the deci-
sion in the risk prevention process are now 
all consulted. The part and the limit of 
their intervention in the decision making 
process raised a difficult problem.  

• A set of measures is defined to reduce the 
vulnerability around the Seveso sites. The 
choice of the adequate measure is done in 
dialogue with different stakeholders on the 
basis of technical proposal. 

 
In what follow, we will first present the different 

steps of two separate processes that will end up by 
the publication of the two official documents that 
are the “Safety Study” (SS) and the “Technological 
Risk Prevention Plan” (TRPP). We will then present 
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the different difficulties faced when these two proc-
esses are put into practice. We will finely synthesize 
the different difficulties and present some conclu-
sions.  

1 ELABORATION PROCESS OF THE 
OFFICIAL DOCUMENTS 

The French law n° 2003-699 of July 30, 2003, 
relating to "the prevention of the technological and 
natural risks and to the damages compensation", 
has introduce a distinction between the reduction 
of the risk to the source (hazard) and the urbaniza-
tion control around Seveso sites. This distinction 
became effective in two different procedures: the 
Safety Study (SS) and the Technological Risks 
Prevention Plan (TRPP).  

Both the SS and the TRPP are legal documents 
based on complex processes were different stake-
holders took part. These two processes are pre-
sented next.  

1.1 The Safety Study (SS)  

The SS document aims at giving a report of the 
examination process carried out by the industrialist, 
in order to prevent and to reduce the risks of an in-
stallation or a group of installations, as much as 
technologically possible and economically accept-
able. These risks can be caused by products used, 
dependent on the processes implemented or due to 
the vicinity of other internal or external risks [4].  

The elaboration of the SS document is, in the 
majority of the cases sub-contracted completely at a 
engineering and design department. The SS is sel-
dom the work of the only industrialist who in al-
most all the cases helped by external specialists es-
pecially during the “risk analysis” and “risk 
modeling” phases presented below. 

The SS process is built around the following 
phases:  
1. Identification and characterization of the dan-

ger potentials. This phase aims at giving an im-
age of the chemical products, the processes and 
the reactions dangers produced by the industri-
alist’s installations. This is done according to 
the industrialist’s knowledge and can be possi-
bly enriched by information coming from the 
products suppliers, the processes licensors or 
coming from data- bases. 

2. Description of the environment. This phase is 
carried out by the industrialist or, generally, by 
an engineering and design department on the 

basis of information received from the various 
French Administrations (town council, 
DIREN, DDE, VNF, DRIRE…) and visual in-
formation. The principal objective is then to 
identify the vulnerable entities and the poten-
tial attackers in order to appreciate the poten-
tial gravity of the accidental scenarios gener-
ated by its installation and to identify, as well 
as possible, the accidental scenarios whose 
origin is an external site aggression. 

3. Reduction of dangers potentials. The industrial-
ist must carry out a technico- economic exami-
nation aiming either at (i) removing or at substi-
tuting to the processes and/or the dangerous 
products, processes or products presenting less 
dangers, or at (ii) reducing as much as it is pos-
sible the quantities of dangerous matters blamed 

4. Assessment of the consequences of dangers ma-
terialization. This phase aims at determining, 
for the Administration, dangers distances with 
an aim at establishing the Particular Interven-
tion Plans (PIP). For that purpose, specialists in 
accidental scenarios modeling are involved. 
These specialists must make a choice and estab-
lish assumptions on the industrialist procedure 
with the assistance or not of a engineering and 
design department. The modeling specialists 
can belong to industry site, but generally, they 
came form an engineering and design depart-
ment, or of specific services of the industrial 
group to which the site belongs. 

5. Listing of accidents and incidents that have oc-
curred. This phase consists in establishing an 
experience feedback on the accidents and inci-
dents, which have occurred on the factory site. 
To this end, the industrialist, or the employed 
engineering and design department, must iden-
tify all the accidents or incidents that have oc-
curred on his site or on an other sites imple-
menting similar installations, similar products 
or similar installations. The industrialist can use 
his own database, or the database of the indus-
trial group to which it belongs, quasi- system-
atically the ARIA BARPI1 data base and in 
some cases trade associations data bases.  

6. Preliminary evaluation and detailed risks re-
duction study. This phase proceeds in four 
times. Initially, an exhaustive identification of 
the whole major accidents scenarios that can be 
generated by an installation is carried out. This 
work, which constitutes the heart of the SS, 
must be performed in a working group by im-
plementing a risks analysis method. The work-

                                                      
1 Bureau d'Analyse des Risques et Pollutions Industrielles. 
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ing group is generally performed by the follow-
ing stakeholders: specialists in various disci-
plines (Safety, maintenance, exploitation, in-
strumentation, processes, …),  an organizer that 
is specialist in risk analysis methodologies and 
a technical secretary. In the majority of the 
cases, the specialists belong to the personnel of 
the site while the organizer and the technical 
secretary come from an engineering and design 
department. In the second time, a quotation of 
the whole identified of major accidental scenar-
ios is carried out. This quotation consists in 
evaluating the gravity as well as the probability 
of occurrence of the scenarios by taking into 
account the organizational safety and technical 
barriers set up by the industrialist to avoid the 
occurrence of a done scenario. This quotation 
can be done according to two approaches: quali-
tative, in analysis of the risks working group, or 
quantitative starting from information coming 
from databases. In the third time, the owner 
must ensure himself of the acceptability of the 
risk induced by each identified scenario. For 
that purpose, it takes support on a “criticality 
grid” (Figure 1). The determination of the level 
of acceptability is the responsibility for the in-
dustrialist. To finish, the industrialist must 
prove that he has reduced or maintained his 
risks as low as "reasonably possible". 
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Figure 1.  Criticality grid (probability / gravity) 

7. Quantification and hierarchization of the vari-
ous scenarios. This phase, which is the last of 
the SS, consists: (i) in a hierarchization of the 
whole identified major accidental scenarios ac-
cording to their gravity, their probability and 
their kinetics; (ii) in an quantitative evaluation 
of their consequences. Due to the significant 
number of the identified scenarios (in the pre-
ceding phase), the industrialist is obliged to 
identify and select the scenarios, considered as 
representative, for which a quantitative estimate 
of the distances from effects will be carried out. 
This work is carried out by the industrialist with 
the assistance of internal or external specialists 
(engineering and design departments in gen-
eral). The quantitative estimate of the effects 

distances associated with these scenarios is car-
ried out by modeling specialists. These special-
ists are internal or external to the industrial site 
or group.  

 
The Administration, mainly represented by its 
Controlling Authority the “Direction Régionale de 
l'Industrie” (DRIRE), must make sure that the in-
dustry site known as "SEVESO high threshold" 
perform a SS that correspond to what is reglemen-
tary fixed. A third expertise done by an engineer-
ing and design department is performed to verify 
the validity and the quality of the SS according to 
the reglementary criteria.  

1.2 The Technological Risk Prevention Plan 
(TRPP)  

The TRPP aims at reducing the vulnerability 
around the Seveso sites notably by reducing vulner-
ability of the stakes. This consists in choosing a 
proportional risk reduction measure for urbanization 
control around Seveso sites. These measures refer 
concretely to a legal risk zoning which highlights 
the "zones" which would present the highest levels 
of risk according to the vulnerability of the stakes 
around the site. Crossing the hazard map and stakes 
map allows to make a first proposal of a set of 
measures for risk reduction.  

Theses measures, proposed by technical experts, 
consist in three urbanization constraints: expropria-
tion, renunciation and pre-emption zones.  

The TRPP relate to "foreseeable technological 
events" and is not properly speaking an urban plan-
ning documents. But its must be taken into account 
in Local Urbanization Plans and aims at a stronger 
implication of the various actors concerned by risk 
prevention. 

The Technological Risk Prevention Plans 
(TRPP) is structured around three important parts: a 
technical part, a regulation part, and a communica-
tion part.  

Unacceptable 
risk Critical Risk 
Acceptable 
risk  

Technical part of the TRPP

Reglementary part of the TRPP

U
nder the

responsibility
of the

services of
the prefecture

Field of
com

petence o f
the technician

under the
responsibility

of the
S

ervices

Communication part
of the TRPP

Under the
responsibility
of Instructors

Services  
Figure 2. The three parts of the TRPP 
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The technical part of the TRPP includes (i) in-
formative maps (can come from the SS), (ii) a haz-
ard map, (iii) a stakes map [5]. 

The “hazard map” is elaborated by the control 
authority (DRIRE) using information coming from 
the SS documents. The following criteria are con-
sidered: intensity, probability and kinetic. The “in-
tensity and “probability” criteria are fixed by the 
Authority in decrees.  

The intensity criterion corresponds to three 
thresholds that delimit the four hazard levels to 
three categories of effects (Toxic, overpressure and 
thermic): significant lethal effects threshold, first le-
thal effects threshold and irreversible effects thresh-
old. The French threshold levels are synthesised in 
the following table [6]: 

Tableau 1. Three thresholds to characterize the intensity 
criterion  

 Signifi-
cant Le-
thal ef-
fects  

First Lethal 
effects  

 Irreversible 
effects 

Irreversible 
effects by 
breaking of 
panes 

Toxic LC 5% LC 1% SEI - 

Ther
mic 

8 kW/m2 
or  

1800 
[(kW/m2) 
4/3]. s 

5 kW/m2 or  

1000 
[(kW/m2) 
4/3]. s 

3 kW/m2 or  

600 
[(kW/m2) 
4/3]. s 

- 

Over-
pres-
sure 

200 mbar 140 mbar 50 mbar 20 mbar 

 
The qualitative probability criterion is defined 

according to the following information: data on ac-
cident causes, data on the safety barriers in place. 
These information are combined according to a 
multiple-steps method. The method suggested con-
sisted in identifying the various major accidental 
scenarios and the various safety barriers installed. 
The method used indications on the frequency of 
the initial events and criteria to characterise the bar-
riers (effectiveness, response time, Safety Integrity 
Level) [7]. 

The kinetic criterion helps to consider the possi-
bility of putting at the shelter the population accord-
ing to the evolution of the accidental scenario. This 
criterion is defined using the following information: 
response time of the safety barriers, prevention and 
protection measures inside or outside the industrial 
site considering the scenario kinetic [8]. 

The “vulnerable stakes map” (Figure 3) is elabo-
rated by the “Direction Départementale de 
l’Equipement” (DDE) using a three steps method:  
 Identify all the stakes (building and infrastruc-

ture) under the TRPP perimeter. 

 Estimate the vulnerability of the identified 
stakes.  

 Define a Technical- economic study to identify 
the stakeholders (operating, local authorities, 
State, private individuals) acceptability. 

 

Industrial zone

Motorway

Town

Hazards zones

 
Figure 3. Vulnerable stakes map 

The risk map is the result of hazard map and 
stakes map crossing. 

The TRPP regulation map (zoning) uses the 
technical zoning proposal done by technical experts. 
This regulation map must consider local constrain. 
A local committee named  “Local Committee of In-
formation and Dialogue” (LCID) [9] is in charge of 
carrying the local acceptability of the vulnerability 
reduction measures.  

The communication part of the TRPP starts at 
the first stage of the technical part and continues 
during the validation of the regulation map (Figure 
2). 

 
The TRPP aims at limiting the direct or indirect 

effects on public health and safety directly or by 
pollution of the medium of an accidental event ac-
cidents likely to occur in the installations at the ma-
jor risks being able to involve effects. This will con-
sist in delimiting risks exposure perimeters 
according to the nature, the intensity of the techno-
logical risks described in the SS and the proposed 
prevention measures.  

At the interior of the perimeters of exposure to 
the risks three types of zones are given according to 
the nature of the risks, their gravity, their probabil-
ity and their kinetics. These zones, respectively 
called zones of urban right of pre-emption, zones of 
renunciation and zones of expropriation, represent 
three constraints of urbanization with which are as-
sociated the financial mechanisms with adequate 
compensation (Figure 4).  
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Industry

Constructions

Constructions

Perimeter of exposure to risks

Pre-emption zone (1). Two levels:
 Prohibition.
 Subordinated to the

regulation measurements.

Expropriation zone (2)

Renunciation zone (3)

Zones (1) (2) and (3) = Function (Standard of risk, gravity, probability, kinetics).
Risks exposure perimeter = Function (Nature, intensity, measurements taken).
For each zone a set of "suitable and proportioned measurements” is proposed.  

Figure 4. Various zones defined within the framework of the 
Technological Risk Prevention 

Under perimeter delimited by the TRPP, the lo-
cal authorities can initiate three kinds of destructive 
mechanism that represent different financial com-
pensation to the local citizen:  
 Expropriation. This exceptional mechanism is 

chosen only if the population protection meas-
ures are too expensive to be locally used. Ex-
propriation requires, after the approval of the 
TRPP, the signature of a convention between 
the plant operator, the local authorities and the 
State, as well as a declaration of utility ease-
ment for the benefit local community (munici-
pality).  

 Renunciation. This solution is used only for the 
building and consists in the given possibility to 
the owner to “put in residence” the local au-
thorities to acquire its good.  

 Pre-emption. 
The constructive mechanism, applied to the ex-

isting building, consists in a re-enforcement of the 
constructions that mean to reduce their vulnerabil-
ity.  

 
The different stakeholders involved in the SS 

and the TRPP processes face different problems that 
we will discuss in what follow.  

1 PRACTICAL PROBLEMS FACED DURING 
THE IMPLEMENTATION OF THE 
REGLEMENTARY STUDIES  

The SS and the TRPP processes reveal decisional 
and expertise problems faced in practice. Due to 
the fact that the TRPP process is highly dependent 
on the SS one, we will insist on this last one. 

1.3 The Safety Study (SS)  

The preceding chapter reveals the reasons of the 
SS process complexity. In fact, the SS calls upon 
many competences and cannot be held without the 
presence of multidisciplinary knowledge. 

1.1.1 Identifying the right stakeholders  
Competences and knowledge necessary to the im-
plementation of the SS are generally brought by 
experienced people that share their knowledge ei-
ther individually, in quite special situations, or col-
lectively, in working group. 

A considerable part of competences and knowl-
edge comes from the industrialist. Indeed, it is him 
who knows the best the installations and him that 
most precisely apprehends the situations of exploi-
tation being able to be at the origin of a major ac-
cident. It is also in general him who follows the 
maintenance actions and which manages the modi-
fications of its installations. Moreover, the SS is 
entirely of his responsibility and that why he is in-
charge to provide his own risk acceptability defini-
tion. 

Let us note that in general, the industrialist calls 
upon external specialists (either specialized ser-
vices coming from the industrial group, or an en-
gineering and design departments) for the follow-
ing aspects in the process: control of work, the 
animation of the risks analyses process during the 
meetings or the modeling of the accidental scenar-
ios. 

According to the different possibility of involving 
interns actors as well as external actors necessary 
to the risk analysis process and according to the 
importance of information which they will have to 
provide, it is necessary to make sure that all these 
actors have the right competence and the necessary 
experience. This implies that the industrialist must 
on one hand be able to identify various compe-
tences necessary to the SS and on the other hand to 
determine the corresponding internal or external 
actors.  

However, the majority of the industrialists do not 
have a right vision of all the actors necessary to the 
development of a SS and it can happened more-
over, that they use the available and not the appro-
priate human resources. This is why, they often 
prefer to be advised by an engineering and design 
departments which they must also choose accord-
ing to their competence in the required field. Thus, 
the difficulties are here to make sure that: 

• the industrialist has a right vision of the 
needed competencies and experience to 
elaborate the SS;  
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• the industrialist lays out in-house or into 
external people answering these criteria.  

1.1.2 Representativeness of the selected stake-
holders  

The question “of the representativeness of the 
stakeholders in the risk analysis process” is raised 
when the stakeholders are selected. Indeed, the 
“risks analysis” working group must be able to 
identify the dangerous situations and to evaluate 
the risk level for each scenario. This evaluation is 
generally carried out in a qualitative way and de-
pends: on the competence and the experiment of 
the stakeholder, on the risk perception he has and 
on his attitude with regard to the risk (risk aversion 
or risk attraction). Thus, it is important to consider 
the optimistic or pessimistic nature of the stake-
holder during the risk analysis process: the opti-
mistic one will have a tendency to underestimate 
the major accidental scenario risk level whereas a 
pessimistic one will over-estimate the risk level for 
a same scenario.  

Moreover, two experts (stakeholders) having the 
same level of competence will never have com-
pletely the same experience and thus will not al-
ways put forth the same judgement compared to a 
given situation. Indeed, an operator, among sev-
eral, who is the only one who have faced a specific 
danger situation, difficult to imagine, will easily 
identify this kind of accidental scenarios where the 
other operators would not be able to. 

1.3.1 Working group Decision-making  
One of the major difficulties faced during the deci-
sion-making phase occurred when divergences are 
noticed between the members of the “risk-
analysis” working group. The risk analysis proc-
ess, done in a working group, is the heart of the SS 
process where the organizer (leader) has to man-
age the different opinions of the stakeholders can 
diverge. These divergences can have considerable 
consequences on the evaluation of the accidental 
scenarios risk level. Indeed, the risk level of the 
accidental scenarios can be considered as accept-
able, for some group members, and as unaccept-
able by the other group members. Let us notice 
that in absence of consensus the risk analysis proc-
ess can be completely invalidate.  

Let us notice that the presence of all the expected 
competence in the working group does not assure 

that these competences are really integrated during 
the risk analysis process. Indeed, some aspect can 
influence the behavior of a stakeholder in a group: 
the presence of a hierarchical superior stakeholder, 
the timidity of the individual or his mood during 
the meeting (eg. worried by other external sub-
jects).  

Lets notice that it is difficult to consider and evalu-
ate the quality of the working group reflexions 
which can change from a risks analysis meeting to 
an other; this observation is transposable to the fi-
nal reglementary SS document where a synthesis 
of the work done by the working group is pre-
sented. These observations make it difficult to the 
control Authority and to the “third expert” to esti-
mate the quality of work carried out and present in 
the SS final document.  

1.1.3 Definition of the risk acceptability and quo-
tation of the scenarios  

One of the principal objectives of the Safety Study 
(SS) is to present the industrialist’s demonstration 
of his site risks control. This demonstration is built 
on a level of risk acceptability fixed a priori by the 
industrialist. In the development process of the SS, 
the risk acceptability fixed by the industrialist is 
partly supported by the “criticality grid” (Figure 
1). The “criticality grids” are built in the majority 
of the cases starting from the gravity scale and the 
probability (or frequency) scale. For each couple 
(level of gravity, level of frequency), the grid help 
to identify if the given scenario present an accept-
able or unacceptable risk level.  

Let notice that:  

 it seems difficult to conceive that an industrial-
ist can fix itself the rules in term of risk ac-
ceptability for situations which endanger the 
external environment of the site as well as the 
site employee; 

 it is interesting to note that there is not com-
monly allowed rule which defines what is “an 
acceptable risk” and what are the representa-
tive criteria to judge of that; 

 in practice, only few industrialists present the 
way in which their “criticality grid” were built 
up and the acceptability fixed. It is often no-
ticed that the “criticality grid” is selected in 
non consistent manner by the industrialist (ex. 
a copy of an existing grid ).  
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The quotation methods currently used by the in-
dustrialists are centered on the acceptability of 
each identified major accidental scenario, without 
considering the aggregation of all the scenarios for 
a considered installation, a considered site or more 
largely of a considered country or an industrial 
group. Indeed, the “criticality grids” are all de-
pendent to a selected scenario and not to the whole 
of the major accidental scenarios. 

The questions raised are: 

- Is it acceptable on the site level to have 10, 100 
or 1000 major accidental scenarios considered 
individually as acceptable? And what about 
the cumulative of this scenarios? 

- It is acceptable, considering the safety strategy 
of the industrial site, to have a variation of the 
safety levels when considering a small site 
having 10 identified major accidental scenar-
ios and a large site having identified major ac-
cidental scenarios? 

- How to build a “criticality grid” (Figure 1) 
adapted to the industry site? 

Lastly, the “criticality grid» rests on probability 
and gravity scales which are as difficult to assess 
as the acceptability level. This difficulty is still 
present when it comes to choose the adequate 
method making it possible to quote various scenar-
ios and to manage the uncertainties inherent to the 
various existing methods. 

1.1.4 Technico-economic studies of risk reduction 
process  

In addition to having to make sure, within the 
framework of the SS, that the risks level of the ma-
jor accidental scenarios generated by the site in-
stallations are acceptable, the industrialist must on 
the one hand make a “technico-economic study” 
aiming at reducing the danger potential, and on the 
other hand, to reduce his risks to a level “as low as 
reasonably realizable”. These complementary con-
cepts are completely subjective and very difficult 
to really implement in the SS. Indeed, these as-
pects are considered depending on the “free will” 
of the industrialist because no limits are fixed.   

1.4 Problems that can be faced during the TRPP 

The TRPP are currently in an “exploratory phase”. 
Indeed, de promulgation of the decree and of the 
methodological guide will fixe definitively the 
TRPP process and form. This chapter aims at re-
vealing problems that can be faced during the 
TRPP process.  

1.1.5 Technical part of the TRPP process 
The DRIRE is in charge of producing a hazard 

map during the technical phase of the TRPP. This 
map is done according to the information provided 
by the industrialist (scenarios coming from the SS 
that leave the site limits) and consist in a re-
qualification of the probability dimension, a re-
computation of the effects distances and an evalua-
tion of the kinetic dimension. This exercise raises 
the following problems:  
• The DRIRE must treat the SS and TRPP proc-

esses differently, knowing that in the first 
process the DRIRE has a “control” role and in 
the second process the DRIRE is in charge 
(active actor). The DRIRE must then avoid 
giving recommendation about the admissibil-
ity of the SS when involved in the TRPP proc-
ess.  

• The aggregation of the three criteria probabil-
ity, intensity and kinetics that qualify the major 
accidental scenarios can be considered in dif-
ferent manner to produce a hazard map. How-
ever, the choice of an aggregation approach 
can have an impact on the meaning and the na-
ture of the hazard zoning.  

• The crossing of the hazard map provide by the 
DRIRE and the vulnerability map provided by 
the DDE. This crossing must help the selection 
of a set of appropriate measures (expropria-
tion, renunciation, etc.) suggested to an open 
dialogue within the LCDI committee. Going 
owing to the fact that the technical phase must 
lead to recommendations and not to decisions 
(decisions are done during the reglementary 
phase of the TRPP): which form must take 
these recommendations so as to take all the lo-
cal constraints raised within the framework of 
the LCDI?  

1.1.6 Dialogue part of the TRPP process 
The reglementary phase of the TRPP becomes 

effective only after the communication phase 
(Figure 2). The communication phase consists 
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partly in a dialogue process done by the LCDI 
committee. The following questions can be raised: 
• How to take into account specificities of the 

local constraints without challenging the tech-
nical recommendations? 

• How to take into account the heterogeneity na-
ture of the stakeholders in term of roles, func-
tions, training, etc.? This can be solved by pro-
posing a common glossary? 

• How to establish a conclusion (eg. Risk reduc-
tion measure) shared by the whole stake-
holders?   

• How as well as possible to help the Prefect and 
his representatives to take into account both 
the technical information and the LCDI opin-
ions?  

CONCLUSIONS  

The Toulouse accident in September 2001 repre-
sents a turning point in the way technological risk 
prevention is currently taken in France.  

The Safety Study (SS) and the Technological 
Risks Prevention Plans (TRPP) are two official 
documents: the first one is old and the second one is 
new. However, when put into practice, the two re-
spective processes reveal difficulties in the way de-
cision and expertise situations are driven.  

This paper aims at bringing to the fore the vari-
ous problems faced during the different expertise 
and decision-making phases present upstream, dur-
ing and downstream the major accidental risks 
analysis process. The different problems were gath-
ered in three groups: 
• Actors Problematic: 

 Checking of the representativeness of the 
analysis of risk working group. Selection 
of the stakeholders. This allows to make it 
possible to see whether the given opinions 
are neither too optimists nor too pessi-
mists.  

 Difficulties to integrate the different per-
ceptions and opinions of the various stake-
holders.  

 Complexity of the decision-making proc-
ess based on the information and ending 
documents provided by the Administra-
tions (DDE and the DRIR) and consider-
ing the opinions expressed by the dialogue 
committee LCDI.  

 Difficulties (to the Administration) to con-
sider the local territory specificity in a na-
tional process.  

 Management of the different roles played 
by the Administration (DRIRE) in both the 
SS and TRPP processes. 

• Information and knowledge problematic: 
 Presence of imperfect knowledge of the 

accidental phenomena and the various 
potentialities of their occurrence.  

 Integration of the complexity of the vari-
ous information at disposal such as the of 
Security Management System (SGS in 
French), etc;  

 Difficulty of modeling the accidental situa-
tions and difficulties to identify completely 
their consequences. Limits of the calcula-
tion models. Difficulty of choosing the 
adequate model, etc. 

• Identification and assessment problematic:  
 SS process revealed an important set of 

whole of choice phases carried out by the 
stakeholders: e.g. choice of the studied 
scenarios, identification of gravity and 
probabilities levels for the whole scenar-
ios, choice of effect distances, etc. The 
purposes of these choices are to reduce the 
uncertainty in a set of stakeholders con-
ceded states. However, because of the 
strong effects of these "choices" on the in-
dustry risk control strategy and because of 
the strong overlap between SS and TRPP, 
it is necessary to institute a set of control 
mechanisms to validate their relevance.  

 Identification of the unusual situations. 
How to identify the probability of rare sce-
narios 

 Difficulty of selecting the scenarios to be 
taken into account within the framework 
of the TRPP. 
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Abstract 
 
Industry operators of the countries having ratified the Kyoto protocol should have to limit emission of green 
house effect gas and products for the various categories of emitting source. This is particularly relevant for 
Oil and Gas processes. 
 
The purpose of this paper is to present the decision-making process developed by Assetsman in order to de-
cide the technical-economic opportunity of launching a plant replacement or a plant upgrade whatever the 
reason may be (Kyoto or otherwise) integrating all the above considerations. As an example we will use the 
Instrumentation and Control (I&C) modernisation of a turbo machine installation (for electrical power plant)  
for which a limitation of its service life was expected. 
 
This study performed in a limited period of time has been of a great interest for the decision maker. Indeed, 
in addition to the innovative approach, the method used has been mainly based on expert judgement (order of 
magnitude definition). 
The decision making process has been developed thanks to the use of uncertainty analysis and also by the 
identification of sensible data having an impact on the decision choice. 
 
Several scenarios have been identified, analysed and submitted to parametric study. The results obtained 
have shown the economic interest of the I&C renovation, but they particularly underline the fact that even in 
the worst case studied, I&C renewal is still beneficial. 
 
This study has been a very good technical economic justification of a renovation, which was not very easy to 
decide, taking into account only the Kyoto protocol considerations. 
 

 
 

1 – INTRODUCTION 
 
Industry operators of the countries having rati-
fied the KYOTO protocol should have to limit 
emission of green house effect products for the 
various categories of emitting sources. This is 
particularly relevant for Oil and Gas processes. 
 

When an owner is operating an old plant 
equipped with obsolescent equipment and when 
this plant is also subject to the requirements of 
the Kyoto protocol, it could be, in a first analy-
sis quite natural for him to conclude the follow-
ing: leave the plant as it is and wait for the end 
of operation, at the date limited by the protocol 
in 2012. 
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But for some installations or plants the actual 
operating and maintenance costs are high and 
the trends unfavourable for the short term, loss 
of availability for instance. In such a case it 
could be interesting to study the hypothesis of a 
partial or a major renovation, modification and 
improvement of the systems. The problem is 
then to economically justify that such a position 
is favourable for the owner taking into account 
the remaining time of operation. This justifica-
tion is easier when the installation is already 
repaid an increase in extended plant service life 
would result in more benefit for the owner. 
 
The case we have studied in 2004 and pre-
sented in this paper is precisely representative 
of the above dilemma.  
Its purpose is to present the decision-making 
process developed by Assetsman in order to 
decide of the technical-economic opportunity to 
perform a plant renovation on a system, in spite 
of the fact that in all cases it should be stopped 
for Kyoto reasons in 2012.  
 
 
2 – DESCRIPTION OF THE SYSTEMS 
 
The systems to which the methodology is ap-
plied consist of 8 turbojets ( 1 turbojet of 50 
MW and 7 of 25 MW) linked to electrical gen-
erators.  
In fact a previous technical analysis performed 
by the operator has shown that the old and ob-
solescent Instrumentation and Control systems 
of the turbojets was the cause of their problems 
(poor reliability, loss of availability, and high 
maintenance costs).   
 
These turbojets are generally used as electrical 
back-up generators on request, and  in this case, 
they should contractually provide to the cus-
tomer 50 % of their nominal power. If the 
power supplied is lower than 50%, the operator 
should suffer penalties, but on the other hand, if 
the production is higher than 50%,  the differ-
ence between the value supplied and 50% can 
be sold on the national grid and generates in-
come for the operator. It is therefore in the op-
erator interest to get the best availability possi-
ble of the 8 turbojets . This is shown in the 
following scheme. 
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3 – THE PROBLEM TO BE SOLVED BY 
THE OPERATOR 
 
For the decision-makers of the operator, the 
question was to decide between the two alterna-
tives: 
 
- In all cases, if we shut down the plant in 

2012, without deciding to make any addi-
tional investments or any modification, we 
would save money. On the other hand the 
operator would have to suffer the conse-
quences of this choice (characterised by an 
increase of the risks: poor availability, 
maintenance costs, loss of opportunities). 

 
- To launch a program of Instrumentation and 

Control renovation in order to get an instal-
lation with a better availability and lower 
maintenance costs able to satisfy the con-
tractual value of electrical production.  

 
It was therefore decided as a first step to per-
form a renovation study with the purpose of 
giving relevant information to the decision-
makers in order to obtain the optimal cost / risk 
solution. 
   
- How and when to proceed to the renovation 

on the 8 systems? There is a large number 
of scenarios possible (to change all systems 
at once or to plan the replacement over sev-
eral years). 
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- The first replacement would cost more than 
the other because it should support the first 
of a kind expenses. 

- In all case an economic justification should 
be made in order to identify the most profit-
able scenario of replacement.  

 
Assetsman has been selected by the operator to 
propose a methodology leading to the supply of  
the relevant help decision-making data. 
 
 
4 – THE METHODOLOGY IMPLE-
MENTED BY ASSETSMAN 
 
The methodology proposed to solve this prob-
lem is organised around the following steps: 
 
- The first is the identification and the selec-

tion of the most pertinent I&C replacement 
scenarios. 

 
- The second step is the selection and the use 

of Asset Management tools named “APT 
Lifespan” to perform a modelling of the tur-
bojet operation in both cases (present 
equipped with old I&C and future equipped 
with the new I&C). 

 
- The third step is the application of the same 

tools as above APT lifespan, to perform  a 
modelling giving the optimal period for the 
I&C replacement.  

 
- The fourth step is the calculation of the 

profitability  for the various scenarios stud-
ied, thanks to an other Asset Management 
tool – APT Project. 

 
 
Hereafter we indicates some description of the 
above named tools, APT Lifespan and APT 
Project: 
 
 
4.1 THE  APT TOOLS 
 
4.1.1 APT lifespan 
 

APT lifespan is a solution for asset replace-
ment decisions, repair versus - replacement op-
tions, life extension work, alternative designs. 

This tool helps decision-makers to get an an-
swer to the following questions : 

    How do you choose between alter-
native design options for new assets? 

     When do you replace an existing, 
ageing item of equipment? 

     How do you decide whether, and 
how, to extend equipment life? 

 
APT-LIFESPAN is a solution which calcu-

lates the best life cycle cost for any asset, and 
puts numbers to the costs and benefits of alter-
native replacement, refurbishment and mainte-
nance options. It is the most sophisticated, yet 
simple-to-use, tool in existence for optimising 
the combination of capital investment and 
equipment reliability, performance, operating & 
maintenance costs, risk exposures and life ex-
pectancy. It identifies the optimal strategies, 
quantifies the impact of constraints or intangi-
bles, and allows extensive testing for sensitivity 
to weak or range-estimated information. 

 
4.1.2 APT Project 
 

APT project is a solution for cost/risk evalua-
tion of projects, change proposals, modifica-
tions, new ideas and other « one-off » invest-
ment. 

 
APT PROJECT is able to give an answer to 

the following questions : do you have a number 
of different projects and change proposals, all 
competing for limited budget and resources? 

 
Thanks to APT PROJECT you could be able 

to: 
- Evaluate and demonstrate why some pro-

posals are not worthwhile. 
- Compare and prioritise dissimilar projects 

or modifications. 
- Use range estimates and engineering 

knowledge to the full. 
- Discover what data is worth collecting 

ands for what reason. 
- Calculate the premium paid for safety, le-

gal compliance, public image and other intan-
gibles. 

- Record the assumptions about anticipated 
benefits at the time of justification. 

 
The solution APT PROJECT provides a 

ranked listing of competing options, each 
evaluated for costs, risk and payback.  
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Efficiency improvement ideas can be com-
pared with technology upgrades, new operating 
procedures ranked alongside plant modifica-
tions, acquisition of safety equipment against 
environmental treatment facilities. In all cases, 
the common cost/risk basis allows direct com-
parison; a priority list is generated and main-
tained for all investment opportunities – ranked 
by ‘value-for-money.’ 
 
 

4.2 The Study 
 
4.2.1 - First step: Identification of the I&C 
replacement scenarios 
 
 The identification ( technically and economi-
cally) of several scenarios has been made by 
the combination of technical alternatives and 
renewal periodicity. More than 20 different sce-
narios have been simulated and half of them 
analysed taking into account different hypothe-
sis of investment periodicity.  
The only constraint we had was to perform only 
one replacement the first year. 
The various scenarios studied were the follow-
ing 
Scenario 1: One replacement every year 
Scenario 2: One the first year, 4 the second, 3 
the third year 
Scenario 3:  ETC.. 
 
4.2.2 - Second step: Modelling of the turbojet 
operation 
 
Life cycle cost models have been made for each 
alternative, they have required a large number 
of data such as: turbojets reliability values, op-
erating costs, maintenance costs, loss opportu-
nity effects in case of operation under the con-
tractual value of 50%, income when the 
production is above the contractual value of 
50% . Loss opportunities modelling has been an 
important step of the study because they are 
function of the lost opportunities period  and 
installation complexity. 
It is here that an important role has been taken 
by the experts and the expert judgement, all the 
above data used in the modelling have been 
supplied by experts on the basis of their experi-
ence and sometimes of their professional intui-
tion. Even when the values given were not ab-

solutely accurate, it was possible with the APT 
tools to perform simple analysis using simula-
tions and according to the results obtained to 
proceed to some input adjustments.  
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 APT-Lifespan Modelling
example of present asset using parameters at their min value

 
 
 
 
4.2.3 - Third step: Modelling of the best 
moment to perform the change 
 
APT Lifespan allow the determination of the 
optimal moment or date to perform the renewal 
for each scenario. It is the time when the 
Equivalent Annual Cost (Life-cycle cost-
ing/year) of the present asset is more or less 
identical to the equivalent annual cost of the fu-
ture asset. See the figure here under which 
shows that in all cases the replacement should 
start as soon as possible 
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 APT-LIFESPAN Modelling

• This analysis determine the best period for the
replacement of the present assets by the new ones.

⇒ Replacement should be ade as soon as possible.

 
 
4.2.4 - Fourth step: 
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Thanks to the APT project tool it is possible to 
evaluate the profitability of each scenario, this 
leads to: 
 
- The selection of the most beneficial solu-

tion, this means a solution being the best 
compromise between the investment value, 
the renewal timing (position regarding 
Kyoto schedule, 2012),and the Net Present 
Value of the renovation option. 

- uncertainties analysis and input data varia-
tions, in order to determine the limit of the 
study conclusion  

 
 
 

 
 
Example of  results given by APT project. 
 
 
 
 
 
5 - Conclusion 
 
This study performed over a short period of 
time has been of great interest for the decision - 
makers. Indeed, in addition to the innovative 
approach, the method used has been mainly 
based on expert judgement (order of magnitude 
definition). 
The decision making process has been devel-
oped thanks to the use of uncertainty analysis 
and also by the  identification of sensitive data 
having an impact on the decision. 
 
The results obtained have shown the economic 
interest of the I&C renovation, but they particu-

larly highlight the fact that even in the worst 
case, the I&C renewal is still beneficial. 
The Net Present Value (NPV) obtained range 
from 10 to 100 M€ calculated in the hypothesis 
of Kyoto protocol deadline of 2012. 
 This study has therefore conducted the deci-
sion makers to select the best solution in rela-
tion with the investment policy of the company. 
 
Finally this assessment has been a very good 
justification of the interest for the owner to 
achieve a plant renovation in spite of the fact 
that the installation has a limited remaining 
service life, year 2012 in this case. Such a deci-
sion was not obvious to take in the first analy-
sis.   
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 APT-Project Evaluation of a given
scenario profitability

• Financial indicators are calculated in order to assess
the profitability of each senario.

• A hierarchy is then established in order to identifie
the more profitable.
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Assessment of risk and uncertainty in situations of technology 
choice 

Lars Harald Hauge, Øistein Aarnes 
DNV, 1322 Høvik, Norway 

1 WHAT KIND OF DECISIONS? 
 

A number of decision situations are character-
ized by the ranking of different candidate technolo-
gies for solving some future task (e.g. production of 
power, production of oil and gas). Candidate solu-
tions might be overall system solutions (e.g. differ-
ent power station types, different offshore platform 
types) or component solutions (e.g. different power 
generator types, different riser insulation types).  

 
Such rankings are usually based on some value 

criterion (e.g. Net Present Value (NPV), Internal 
Rate of Return (IRR), Return on Investment (ROI)) 
calculated from a model that integrates, at best, 
phased cost elements like capital expenditures and 
operational expenditures into an overall life cycle 
cost model.  

 
Unfortunately, many of the cost elements are 

usually described in a rudimentary way so that real-
istic dependencies between up-front investment and 

later operational costs are ignored (e.g. no modeling 
of operational organization and resources). This 
makes it difficult / impossible to realistically rank 
and / or optimize technology solutions with respect 
to life cycle costs.   

 
Moreover, uncertainties and risks affecting these 

costs are neglected, unrealistically simplified and / 
or hidden from direct external assessment. This 
means that a realistic assessment of the overall un-
certainty with respect to the ranking criteria will be 
impossible in many cases. Additionally, the non-
realistic and non-transparent aspects of the model 
will reduce the probability of the results being ac-
cepted by the decision makers. 

 
Finally, the effect of the decision on the overall 

asset portfolio and its effect on the ability to exploit 
future opportunities are often neglected. This will 
mean that a technological choice might be far from 
optimal if seen from a corporate viewpoint, even 
though it might be desirable from a purely project 

 

ABSTRACT: A number of decision situations are characterized by ranking different candidate technologies 
with respect to solving some future task. Such rankings are often based on a cost criterion. The cost criterion 
is, moreover, usually calculated from a cost model that integrates, at best, phased cost elements like capital 
expenditures and operational expenditures into an overall life cycle cost model.  

 
Unfortunately, many of the cost elements are usually described in a rudimentary way so that realistic de-

pendencies between up-front investment and later operational costs are ignored. Moreover, uncertainties and 
risks affecting these costs are neglected, unrealistically simplified and / or hidden from direct external as-
sessment.  

 
This paper discusses how more realistic integrated ranking models can be developed, and how these inte-

grated models can include expert judgment with respect to data input and system description. The paper also 
discusses requirements to the analysis tools that will have to be employed so that the expert judgments going 
into the analysis are visible and verifiable. It is argued that such visibility and verifiability are requirements 
for the results to be accepted / adopted by the decision makers. 
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viewpoint (e.g. choosing the processing capacity of 
an oil platform on present needs and ignoring pos-
sible future capacity demands from undeveloped oil 
prospects). 

 
The following simple three examples illustrate 

these concerns: 

1.1 Example 1 (simplified cost model decoupling 
investments and operations) 

Consider some investment opportunity, e.g. the op-
portunity to investment in a new utility. The overall 
NPV value of this investment would be calculated 
from a number of time-dependent and aggregated 
factors; 1) income, 2) capital expenditures (Capex), 
3) operational costs (Opex) and 4) costs associated 
with operational shutdowns and temporary degrada-
tions (Riskex). Figure 1 illustrates the phased nature 
of these factors. 

 
Even though such a model can be easily imple-

mented in commonly used tools, e.g. spreadsheets, 
it would be very difficult to portray, in a transparent 
way, the influence of Capex on Opex and Riskex. It 
would be even more difficult to relate, in a believ-
able way, the effect of organizational changes on 
these factors.  

Capex 

Income 

Riskex 
Opex time

€ / time unit 

 
Figure 1. Phased nature of NPV factors 

 
This would make it difficult and / or time consum-
ing to verify the model assumptions by domain ex-
perts (e.g. power engineers, cost engineers, mainte-
nance expertise, operations personnel, OD 
expertise) and, hence, make recommendations based 
on the model results hard to accept (by decision 
makers). 

1.2 Example 2 (ignoring contribution from 
uncertainties) 

Consider two technological choices; T1 and T2 
where the deterministic NPV value of T1 is smaller 
than that of T2. By including uncertainties and risks 

in the evaluation, the NPV-values will follow some 
probabilistic distribution, e.g. as illustrated in figure 
2.   
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Figure 2. Calculated probability densities for T1 

(blue line) and T2 (red line) 
 
From the figure, it is seen that the choice is not 

so clear anymore. Even though the expected value 
of T2 is still larger than that of T1, there is no prob-
ability of having a negative NPV for T1 whereas 
there is approximately a 5% probability of having a 
negative NPV for T2. A risk averse company might 
now prefer T1 to T2. 

1.3 Example 3 (ignorance of options leading to 
flawed choices) 

Consider the development of an oil project P1 and a 
future oil opportunity P2 that, depending on the oil 
price, might or might not be developed at a specific 
time in the future. The decision to develop P2 de-
pends on the oil price p exceeding a critical price pc 
(e.g. specified by some corporate guideline) at this 
future time. In order to retain the possibility to ex-
ploit P2 (or the option P2), an extra investment (op-
tion premium) is required leading to an expanded 
project P1’. Seen from P1, this extra investment re-
duces the desirability of P1 whereas seen from a 
corporate viewpoint, this extra investment might be 
profitable. Figure 3 illustrates the decision situation 
with expected values given for the income and the 
expenses present values for alternatives P1, P1’ and 
P1’ and P2. The figure also includes the probability 
of p > pc at the time of decision of P2. 
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Figure 3. A simple real options problem 
 
The NPV values of the three alternatives P1, P1’ 

and P1’ + P2 are easily calculated as 150, 130 and 
165 respectively. Hence the project viewpoint and 
the corporate viewpoint would lead to different 
ranking of the different investment choices. 

 
This paper discusses how more realistic inte-

grated ranking models (i.e. models that can rank the 
different solutions according to some criteria) can 
be developed, and how these integrated models can 
include expert judgment with respect to data input 
and system description. The paper also discusses 
requirements to the analysis tools that will have to 
be employed so that the expert judgments going 
into the analysis are visible and verifiable. It is ar-
gued that such visibility and verifiability are re-
quirements for the results to be accepted / adopted 
by the decision makers. 

2 WHAT KIND OF EXPERT JUDGMENT?  
 

The decision situations (i.e. the ranking of different 
technologies) discussed in this paper will normally 
be influenced by a number of uncertainties. The fol-
lowing sources of uncertainty should be taken into 
account when making this evaluation: 
• Price uncertainty (e.g. price of oil, gas, electric-

ity) 
• Cost uncertainty (e.g. price of raw materials, 

supplies, manpower) 
• Resource uncertainty (e.g. size of reservoir (gas 

/ oil / water), supply availability) 
• Schedule uncertainty (e.g. when are different 

component / systems available) 
• Production uncertainty (e.g. the production abil-

ity, efficiency)  
 
These uncertainties are distributed over the life-

cycle of the project and require different expertise 
to assess. A model that integrates these uncertainties 
/ competencies into decision criteria (criterion) 
needs to be developed if alternative technologies are 
to be ranked without ignoring uncertainty. 

 
Moreover, future events (or risks) may occur 

that will affect the desirability of the different tech-
nologies under evaluation. Examples of such risks 
are: 
• Insufficient fit-to-purpose (i.e. the chosen tech-

nology is not sufficiently applicable to its in-
tended purpose) 

• Failures leading to repairs / replacements 
• Technological responses 

• Organizational responses to such failures 
• Degradation mechanisms (i.e. the qualities of 

the technology might degrade over time) 
 
Again, the distribution of these risks over the 

lifecycle of the project needs to be described and 
different types of expertise are needed to identify 
and assess them. The integrated model should, as 
well, include the effect of these risks on the ranking 
criteria. 

 
Other assets and the ability to exploit future op-

portunities will be affected (by the technology 
choice). The assessment should include the follow-
ing effects: 
• The effect of technology choice on the value / 

risk of other assets. Such effects might include 
changed operational cost (e.g. more efficient 
pipeline transportation), changed lifecycle dura-
tions (e.g. extending the life of an oil reservoir), 
reduced exposure to failures of unproven tech-
nology (e.g. increasing the diversity of techno-
logical solutions)  

• The effect of technology choice on existing op-
portunities (e.g. changing potential capital ex-
penditures, reducing potential operational costs)  

• Assessment of new opportunities (e.g. hooking 
up oil prospects, distributing electricity to new 
markets)  

 
The (re)assessment of each asset and opportunity 

would require the same domain expertise as de-
scribed above. The revised criterion (criteria) for 
each asset / opportunity would ideally be based al-
ready existing integrated models. 

 
The re-assessment of the overall asset portfolio 

could be based on the ideas of efficient portfolios (if 
correlation estimates between the value of each as-
set / opportunity can be produced). If a technologi-
cal choice leads to the asset portfolio becoming 
non-efficient, it probably should be rejected. If a 
technology choice leads to the asset portfolio be-
coming efficient, the decision maker would have to 
decide on the desirability of the (Value, Risk) pair 
of the original portfolio with the desirability of the 
(Value, Risk) pair of the new portfolio. In classical 
portfolio models, the risk and value calculations are 
based on existing assets. By including opportunities 
in these calculation (in reality using real options 
ideas / theory), the effect on existing and new op-
portunities can be included.  
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3 TYPES OF EXPERT JUDGMENT 

Uncertainties would ideally be modeled in terms of 
uncertainty distributions based on experimental / 
historical data. Unfortunately, the types of decisions 
discussed in this paper are usually characterized by 
the unavailability of such data (e.g. since new tech-
nology is considered, novel applications are evalu-
ated, no relevant historical measurements exist). 
Hence, the modeling will normally use less precise 
data where the quality of the information and the 
experience of the expert will influence the choice of 
distribution. The table below indicates typical 
choices for different types of information: 

 
Table 1. Type of information vs. probability distribu-
tion 

Type of information Probability dis-
tribution 

• Continuous and smooth 
distribution 

• Lower bound, Upper 
bound 

Uniform 

• Continuous distribution 
• Lower bound, Most prob-

able value, Upper bound 

Triangular 

• Continuous and smooth 
distribution 

• Lower bound, Most prob-
able value, Upper bound 

Generalized 
Beta 

• Continuous and smooth 
distribution 

• Lower bound, Expected 
value, Standard deviation 

Lognormal 

• Continuous distribution 
• Constant event rate 

Exponential 

• Discrete distribution, num-
ber of events at a given 
time 

• Constant event rate 

Poisson 

 
Risks could either be characterized as 1) one-off 

events with a probability of occurring and a conse-
quence given that they occur or 2) as a sequence of 
events (perhaps limited to a time window) where 
the number of events and the consequence of each 
uncertainty is uncertain. The 1st type of risks (one-
off events) would require assignment of either point 
estimates or uncertainty distributions for probability 
and for consequence. The 2nd type of risks would in 
addition require point estimates or uncertainty dis-
tributions for the number of events. The quality of 
information that experts could provide would nor-
mally be similar to the level of quality described in 

left hand table column above (due to special knowl-
edge other distributions may have to be considered).  

 
It should be noted here that many risks are de-

scribed in terms of risk matrices. This description 
corresponds to assigning qualitative scores to risk 
probability and risk consequence (e.g. in terms of 
“low”, “medium” and “high”). Since these qualita-
tive scores imply n-point scales, their usage is simi-
lar to assume a uniform distribution for each prob-
ability and each consequence.  

 
One additional aspect where expert knowledge is 

necessary (with respect to building the integrated 
model) is the assessment of correlation between 
pairs of risks and uncertainties. It is probably not 
realistic to elicit more precise information than the 
sign of the correlation (+/-) and qualitative charac-
terizations of the size of the correlation (e.g. “low”, 
“medium” and “high”). Again, this implies the us-
age of n-point scales and is similar to assume a uni-
form distribution for each correlation. 

 
In addition to the estimation of each uncertainty 

/ risk, expert judgment is required to describe the 
structural relationship of each risk. As an example, 
some risks may trigger a failure situation whereas 
other risks will only be relevant given that such a 
failure situation has occurred). The integrated 
model should preferably contain a graphical de-
scription of such risk sequences so that the expert 
assessment is stored in an easy-to-understand for-
mat. Only in this way will be model be understood / 
challenged / verified by other experts. 

 
Consider figure 4 where a repair situation (trig-

gered by some failure risk) generates a 5 step repair 
/ replacement process. The time to complete a repair 
will be influenced by uncertainties and risks affect-
ing the mobilization time, the analysis time and the 
repair / replacement times.  Moreover, these times 
will be influenced by the number of resources avail-
able, their distance to the geographic location of the 
object to be repaired etc. 

 

 
 

Figure 4. Repair process sequence 
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It is seen that a number of these risk can be in-
fluenced by the decision maker. This illustrates that 
a ranking of different technologies should really 
only be made after optimal “decisions” in the dif-
ferent areas (e.g. maintenance organization) have 
been made.  

 
As discussed above, the expert assessments used 

in the integrated models will often be highly specu-
lative. This is due to the often novel character of 
new technology. However, if these uncertainties and 
risks are ignored, it will be very hard, if not impos-
sible, to explore the linkage between design and op-
erations with any kind of confidence. 

4 HOW ARE SUCH DECISIONS ANALYZED? 

What is typical of the decision situations and the 
usage of expert judgment discussed in this paper is 
the complexity of the overall decision situation and 
the large number of expert judgments with respect 
to risks, uncertainties and system dependencies that 
will serve as input to it. Such situations should pref-
erably be analyzed in terms of simulation. Any ana-
lytical approach would most likely be highly simpli-
fied with questionable results / recommendations as 
a result. 

 
However, typical simulation models have typi-

cally been of the “black box” variety that is hard to 
understand for the non-specialist as discussed in ex-
ample 1. In reality, most decision makers would 
strongly object to basing important decisions on a 
calculation methodology that are ill understood and 
non-verifiable by him. 

 
Hence, a second argument of this paper is to 

make the expert judgment on the systems depend-
encies in the decision model transparent and easy-
to-understand for the layman. These two require-
ments imply a number of requirements for the simu-
lation platform, e.g.: 
• The simulation platform should allow a graphi-

cal depiction of the system linkages (thus ena-
bling an audit of the expert judgment going into 
the system representation) 

• The data based on expert judgment should be 
visible in the model, so that changes, what-if 
analyses are enabled on-line 

• The simulation model should enable the combi-
nation of different simulation paradigms so that 
the decision model can be divided into different 
parts where each part is described in terms of 
the most appropriate simulation model. (exam-

ple of different simulation paradigms; i) discrete 
event simulator, ii) SDF etc.) 

• The simulation model should be object oriented 
so that its reaction to different aberrant situa-
tions can be described directly (i.e. the model 
should generate failure situations in sequential 
time and the models response to these should be 
directly and transparently modeled). 

• The simulation model should include feedback 
mechanisms (so that the unrealistic presumption 
that a (strongly) deviant development is not cor-
rected can be eliminated – ignoring feed-back 
mechanism would shoot down the model results 
in many instances) 

• The simulation model should communicate with 
other tools / databases so that no manual porting 
of information is required (e.g. budgets mod-
eled in Excel and schedules modeled in MS 
Project should be directly integrated). 

 
Figure 5 illustrates some of these aspects where 

a simulation platform (EasyRisk Analyzer) enables 
i) graphical description of the integrated model, ii) 
direct communication with existing budget and 
schedule models and iii) specification of the simula-
tion paradigm. 

 

 
 
Figure 5. Graphical simulation platform 

5 ORGANIZATION OF EXPERT JUDGMENT 
 

The collection of expert judgment with respect to 
technological choice would normally be performed 
in a cyclical manner (or process) until the final 
choice is made. The cyclical process would typi-
cally consist of 5 main elements; i) specification of 
ranking criteria (this step would normally only be 
performed in the 1st cycle), ii) identification of risks 
and uncertainties (i.e. identify new and revise old 
risks and uncertainties affecting these criteria), iii) 
analysis (assess each risk and uncertainty, integrate 
them in a model and assess their overall contribu-
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tion on the ranking criteria), iv) mitigation (identify, 
analyze and rank actions to improve the ranking cri-
teria values for each candidate solution) and v) fol-
low-up (collect relevant information and assess 
when a new cycle is called for (e.g. when new in-
formation requires the re-assessment of old risks 
and uncertainties). 
 
Case 2 below describes the implementation of a sys-
tem for risk management in a technologically driven 
organization. Ranking of technology would be in-
cluded as part of this risk management process. 

6 CASE 1 - THE CHOICE OF RISER 
TECHNOLOGY FOR A DEEP-SEA 
OFFSHORE FIELD 

This example discusses the evaluation of three (3) 
different riser design solutions for a given deepwa-
ter oil & gas prospect: 
• Pipe-in-pipe riser  
• Bundle riser  
• Riser tower.  

An integrated risk model was developed to support 
the ranking of the three technologies. The model in-
corporated the following critical issues:   
• Ability to maintain flow for the different riser 

concepts.  
• Assessment of risks affecting flow assurance 

(e.g. wax growth, hydrate formation, ageing of 
insulation material). 

• Influence of maintenance strategies including 
pigging frequency and availability of interven-
tion vessels / resources. 

• Ability to change maintenance strategies if new 
information assembled during the future opera-
tion phase indicates the desirability of such 
change. Changes in maintenance might include 
the movement of intervention resources closer 
to the oil / gas field and the usage of a new pig-
ging frequency. This corresponds well with re-
ality since any operator continuously evaluates 
and updates his maintenance program as new 
information related to operational experience 
becomes available. 

• Production profile 
• Revenue loss 
• Direct representation of the work processes. 

Figure 6 gives a graphical representation of the 
model. The model consists of 6 main modules; 1) 
"Inputs", 2) "Potential production rate", 3) "Flow 
failure", 4) "Actual production rate", 5) "Repair 
process" and 6) "Outputs".  

 
 
Figure 6.  Decision model for riser flow assurance 

The module "Inputs" contains the characterisation 
of the flow assurance problem including specifica-
tion of the oil / gas reservoir, the chosen system so-
lution and definition of the different designs to be 
evaluated. In addition, all uncertainties characteris-
ing the investment problem are included (e.g. reser-
voir uncertainties).  

The module "Potential Production Rate" produces a 
production curve based on the input but without the 
effect of risks threatening / affecting the flow 
through the riser.  

The module "Flow Failure" generates failure / main-
tenance situations due to risks such as wax growth 
and scheduled and unscheduled close-down situa-
tions.  

The module "Repair process" contains a description 
of how the repair and maintenance processes are in-
fluenced by the seriousness of the different failure / 
maintenance situations from issues such as down-
time length and time of the failure. The module cal-
culates, moreover, how the repair / maintenance 
processes are influenced by different repair / main-
tenance strategies and experience data.  

The module "Actual production rate" calculates the 
modified production curves from the potential pro-
duction curves when the different flow risks and re-
sulting repair / maintenance processes are taken into 
account.  

All final results are finally calculated in the module 
"Outputs". Through Monte Carlo simulation, a 
ranking of the different riser alternatives was 
achieved.  
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7 CASE 2 – THE IMPLEMENTATION OF A 
RISK MANAGEMENT SYSTEM  

This example illustrates the implementation of a 
risk management system in a Norwegian power 
generating company. It is meant to describe the kind 
of expert knowledge and the extent of expert in-
volvement that is required for such a task. It is also 
meant to illustrate how ranking of technological so-
lutions will fit into a more general enterprise risk 
management system. 

 
In 2003 the Norwegian regulation authority 

made the requirement that all companies involved in 
power production, heating and distribution must 
perform risk assessments and risk management as 
part of their quality management system. The Nor-
wegian Water Resources and Energy Directorate 
(NVE) emphasized this strongly in their audits in 
2004, giving the utility companies only short dead-
lines to comply. 

 
The reason for having such a system is justified 

when seen from a solely societal perspective. But 
doing risk assessments from such a perspective does 
not give a complete operational risk picture. From 
an operational point of view, risks also need to be 
assessed with respect to their influence on e.g. 
economy, environment and safety.  

 
The introduction of risk management was seen 

as part of the overall enterprise management in the 
utility company. The assessed risks were risks with 
consequences for its core business. This meant pos-
sible events with significant influence on the bottom 
line, situations that could be hazardous for employ-
ees or 3rd parties, events that could be dangerous to 
the environment and finally events that could dis-
turb the chain of supply. 

 
6 - 8 weeks were required to perform the following 
steps from initiation to description of implementa-
tion:  
• Initiation - definition of risk objectives/ goals and 

frames 
• Identification - mapping of threats/ opportunities 
• Analysis - assessment of risk exposure – qualita-

tively or quantitatively 
• Actions planning - establishment of actions and 

contingency plans 
• Implementation & follow- up - implementation of 

action plan, monitoring and control 
 
 

 
 

A working group was established, consisted of 
leaders and engineers from different parts of the 
company as well as the SHE-Q manager. People 
that had experience from RCM/RBM-type of work 
was also included to make sure that more detailed 
technical issues were covered if necessary. Each of 
the phases was conducted as 2-day workshops. Be-
tween the workshops, the group members were 
obliged to do a further description of cause and con-
sequences of those risks that were designated to 
each of them.  

 
A vital part of the work was construction of the 

risk register (using the EasyRisk Manager platform) 
so that the identification and analysis phases were 
supported as well as the reporting and monitoring 
process on a day-to-day basis. The following re-
quirements for the register were identified: 

• A database application for managing and 
tracking of all risks and actions 

• Multiple views of the current risk status 
• Statistics showing the development of risks 

and actions over time 
• A multi-user WEB based system with access 

control  
• Incident reporting and analysis 
• Import and export of standards and generic 

risks 
• Support for export to different formats 
• Support for handling complex hierarchic or-

ganizational structures 
• Calculation of estimated cost of operational 

risks 
 
The risk register was set up to reflect company 

structure - from parent company, throughout differ-
ent companies and departments.  The register en-
abled risks to be filtered out with respect to overall 
enterprise goals within safety, environment, econ-
omy and security of supply as well as with respect 
to topics such as reputation, politics changes, ter-
ror/sabotage, nature phenomena, technical issues, 
regulations, commercial aspects, production / grid 
sites, support systems and organization.  

 
Risk reduction actions were developed for each 

critical risk. The risk owner was given the responsi-
bility of monitoring and managing the progress of 
the associated actions for all his risks. Figure 7 il-
lustrates this monitoring and management. 

 
One purpose, as noted above, was to fulfill the 

authority requirements. Additionally, a number of 
effects directly affecting more operationally ori-
ented enterprise goals were: 
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• Safety: Safety culture awareness, improved 
safety policy and instructions, improved inter-
nal audit system 

 
• Economy: better balance of risk and return, ef-

ficient input to long term planning, adjusted in-
surance policy 

 
• Quality of service: reliable producer and sup-

plier, improved reputation 
 
 
 
 

 
Figure 7. Monitoring and management of risk management process
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Summary notes and conclusion about the Workshop on the use of 
Expert Judgment in Decision-Making. 

Nicolas Devictor 
Commissariat à l’Energie Atomique (CEA), Direction de l’Energie Nucléaire (DEN), Départment d’Etudes 
des Reacteurs (DER), Service d’Etudes des Systèmes Innovants (SESI), Laboratoire de Conduite et Fiabilité 
des Réacteurs (LCFR), Building 212, 13108 St-Paul-lez-Durance Cedex, France. 
 

Ricardo Bolado Lavín 
Nuclear safety Unit, Institute for energy – Joint Research Centre, European Commission  
Petten, The Netherlands. 
 

 

Expert judgment  (EJ) techniques and protocols 
have been used in different areas for more than half 
a century. The Rand Corporation did first develop-
ments and applications in the early fifties of the 20th 

century. Nevertheless, due to the fact of having 
been developed with military purposes, its wide-
spread use was delayed approximately for ten years. 
First applications were in the area of forecasting 
possible outcomes of nuclear attacks of the Soviet 
Union on the military industry of the USA. Since 
then on, applications have been done in more and 
more fields, including science, technology, engi-
neering, meteorology, law, environment, actuarial 
sciences, social sciences and economy among oth-
ers. 

CEA-Cadarache and JRC-Petten, given their in-
terest on general issues regarding uncertainty in 
technology systems, performed in the past deep lit-
erature reviews in this area, which showed a large 
diversity of available methodologies. Three main 
conclusions could be obtained from that review: 
• The majority of available methodologies pre-

sent restricted applicability. 
• There is a remarkable lack of exchanges bet-

ween specialists in different application areas, 
though showing some commonalities. 

• There is a real scarcity of papers about the 
impact of the choice of an expert judgement 
method in the decision-making processes. 

oint to the 

• 

ts of a panel 

• 

to steer 

• 
In this context, the Nuclear Energy Division of 

the Commissariat à l’Energie Atomique (CEA), via 
the Risk Control Domain of the Nuclear Develop-
ment and Innovation Division and the Innovative 
Systems Studies Service, and the Institute for En-
ergy of JRC (Petten), via the Nuclear Safety Unit, 
organized a “workshop on the use of expert 

judgment in decision making” in Aix-en-Provence 
from 21 to 23 of June 2005; the first to our knowl-
edge on this specific topic. 

The objectives of this workshop were to create 
an exchange forum around the three ideas 
previously mentioned and to gather a first state of 
the art, in order to identify the needs for R&D. This 
workshop brought together approximately 55 
participants, from different industry sectors (energy, 
both nuclear and non-nuclear, food and 
communication among others) and from 
universities, research organizations and technical 
support organizations. Three invited lectures 
provided the right starting p
corresponding sessions: 

Prof. Goossens, from TU Delft (The 
Netherlands), on behalf of himself and Prof. 
Cooke, gave a lecture about calibration and 
combination in EJ. In fact, they addressed in 
their lecture the use of structured expert 
judgement in a formal manner, in particular 
working on the issues of calibrating experts and 
optimising the combined assessmen
of experts, in order to provide defendable results. 
Dr. Billy, from EDF (France), gave a lecture on 
data concerning reliability of components. He 
addressed the issue of using EJ as an information 
source to complement available experimental 
data, to make better decisions and 
sensitivity studies, research and investments. 
Prof. Goossens, on behalf of himself and Prof. 
Cooke, gave a second lecture on EJ elicitation in 
Probabilistic Accident Consequence Codes. This 
lecture summarised the joint USNRC-EC study to 
systematically derive credible and traceable prob-
ability distributions for the input variables used by 
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MACCS and COSYMA computer codes, which 
are used to calculate consequences of nuclear ac-

ers were part of the Ph D work developed by 

l contents than most of the papers in other 

se, and 

 and 

ents and computer experiment 

n to getting an efficient classification 

of performance-

 the area of human reliability assessment 

n and actually applied in ten 

 to 

business sites, and 

cidents outside the sites. 
The workshop was divided in one opening session, 
four thematic sessions plus a round table and a final 
general discussion session. Regarding the 
innovativeness of the works presented in the 
workshop, it is remarkable the fact that at least six of 
the pap
some of the authors.  
The first session was dedicated to the elicitation of 
expertise and the combination of opinions given by 
different experts. The papers in this session had more 
theoretica
session. 
Mrs. Forrester presented an interesting 
interdisciplinary investigation about the quality of 
expert judgment, interpreting ‘quality’ mainly as 
‘accuracy’ of experts’ opinions. This paper discusses 
the difficulties in attaining empirical evidence of 
expert accuracies, and presents expert profiles in the 
form of attribute-accuracy taxonomy. One of the 
main conclusions of this work is that experts 
performing in the 90-100% accuracy range received 
certification or specialized training in experti
were published in their expertise or general field.  
Dr. Landeta Rodríguez presented a work about the use 
of the Delphi method in the area of social sciences. 
This was the only paper presented on this method. In 
the first part of the paper the author provided a short 
but illustrative historical review of the method and its 
applications. The second part was dedicated to 
describe four applications performed by the author in 
Spain in the area of social sciences (economy, law
employment and emerging professional trends). 
Dr. Bolado Lavín presented a work on the use of 
ancillary tools to help experts providing opinions. The 
problem tackled by the author is the optimal use of 
expert’s opinions when they use computer codes to 
base their opinions on them. The author proposes 
creating a new training session to let the experts know 
all the statistical techniques that they could use with 
the help of the analysts’ team (Standard statistical and 
probabilistic techniques, Monte Carlo techniques, 
design of experim
techniques). 
Mr. Bousquet presented a paper on the modelling and 
eliciting expert judgment with fictitious data. The 
problem at stake in this case is the meaningful and co-
herent use of EJ in a Bayesian estimation process of 
reliability models. The approach consists in consider-
ing the information given by experts as information 
coming from fictitious data. Acting in such a way al-
lows the analyst to weight the importance of the ex-
pert opinion with respect to the actual sample size 

in a meaningful and reliable way. Examples are 
provided for the Weibull distribution. 
Mrs. Cornez presented a paper on classifying 
seismic events with respect to different high-level 
features, coming from processing of the signals by 
seismic analysts. The authors adopted an approach 
based on combining EJ and fuzzy inference 
systems. The results seem to be optimal since, in 
additio
method, decisions made are easily understandable 
by analysts. 
Mr. Wisse’s paper deals with the combination of 
expert judgments in the Bayes Linear Methodology. 
The main objective of this paper is to discuss in 
what way expert judgments can be combined, in a 
non-Bayesian way, to construct a prior assessment 
(in this methodology prior assessments are specified 
through expectations, variances and covariances). 
The authors do also show that the linear pool can be 
justified in an analogous but technically different 
way to linear pools for probability assessments. 
Moreover, they give a method 
based weighting analogous to Cooke's Classical 
model, and explore its properties. 
The second session was dedicated to expert 
knowledge management. It consisted of four 
papers, two of them in the area of the food industry, 
one of them in the area of e-business and the last 
one in
(HRA) and its impact on Probabilistic Safety 
Analysis (PSA) calculations. 
Dr. Perrot presented a paper on the development of 
expert-operator knowledge management in the food 
industry. In this industry, sensory and sanitary 
properties are extremely important due to obvious 
reasons. Operators play an important role and co-
operate in automation by making on-line 
evaluations of product properties and adjusting the 
on-line process. The authors try to provide 
guidelines, based o
applications, to integrate experts’ knowledge in the 
production process control.      
Dr. Curt presented a paper on the use of human at-
site evaluations in decision-making. This work was 
related to the previous one and focused on the 
authors’ experience in the food industry, trying to 
export to civil engineering the method developed
collect and formalize the use of the expertise of 
skilled operators (experts) in at-site evaluations. 
Dr. Montmain presented a paper on the use of 
experts’ (users-customers) advices in multi-criteria 
decisions that arise in e-business. The problem 
posed is how to use the information provided by 
users-customers that access e-
show their criticism about them, in order to rank 
different alternative sites for purchase.    
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Dr. Le Bot presented a work on the use of EJ in 
MERMOS, which is a human reliability assessment 
method developed by EDF and is the reference 
method to analyze the impact of human behaviour 
on PSA calculations. The author describes the 
evolution of the role of EJ over the different 
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workshop uncovered a general need of guide-

generations of HRA methods. Finally, he describes 
the actual use of EJ in MERMOS when applied in a 
production environment. 
The third session was dedicated to industrial ap-
plications and consisted of four papers, all of them 
in the area of energy production. 
Dr. Simola presented a paper on the use of EJ to get 
information about structural reliability in nuclear 
power plants. She described an application in which 
four internal experts were asked to make a probabil-
istic assessment of the time to failure of an initial 
crack in the steam penetration weld of a hypotheti-
cal operating reactor. At the end of her presentation 
she focussed on lessons learnt from the application. 
Dr. Bouzaienne-Marle presented the AVISE meth-
odology, which was developed to anticipate and 
manage the life cycle of aging structures, systems 
and components. The approach proposed by the au-
thors allows the identification of potential problems 
related to ageing, the measure of risk in terms of 
degradation probability and degradation conse-
quences and gives the adequate solutions to stop or 
to postpone ageing. In order to deal with very low 
failure probabilities, they propose using two tools: 
EJ and operation feedback of “similar” components. 
Mr. Bousquet introduced to the audience a protocol 
to integrate feedback experience data (FED) and in-
formation provided by experts in a study of durabil-
ity. The key question in this work is to merge in-
formation provided by experts and data coming 
from censored homogeneous small data sets in a 
Bayesian framework in order to be able to deliver 
posterior distributions for components life. Only 
Weibull distributions were considered in this study. 
Mr. Wels presented his work on the quantification 
of the economic value of measures to improve 
forced unavailability of power plants in The Nether-
lands. The measures involved are measures to re-
duce high impact low probability failures, to reduce 
failures by better root cause analysis and measure
to improve maintenance. The model used is based 
on influence diagrams and EJ plays an important 
role in the process to get input data
The last session was about the use of EJ in risk 
analysis and decision making processes. Four pa-
pers were included in this session, 
Dr. De Rocquigny proposed a simple and well-
known Bayesian procedure to aggregate EJ and data 
taking into account industrial needs. The author ad-
dresses in his work two classical problems: The 
case of 

tain input variables in a real-world industrial case, 
and how to account for different types of uncer-
tainty. 
Dr. Merad presented a paper on EJ and decision-
making in the major risk management process 
around Seveso sites in France. This paper aims at 
revealing the different decisional and expertise 
problems fac
safety study and the technological risk prevention 
plans that nowadays must be done in France for 
Seveso sites. 
Mr. Raimondo presented a work on a cost/risk deci-
sion-making process based on EJ. The authors 
showed a decision-making process to decide the 
technical-economic oppo
replacement or a plant upgrade whatever the reason 
might be (Kyoto or otherwise). EJ is used in this 
process to provide data. 
Mr. Hauge presented a paper on the assessment of 
risk and uncertainty in situations of technology 
choice. The authors discussed in their paper about 
how more realistic integrated ranking models can be 
developed to assess a portfolio, and how these inte-
grated models can include expert judgment w
spect to data input and system description. They did 
also pay attention to requirements of the process to 
make the use of EJ verifiable and traceable. 
In order to discuss and get some interesting ideas 
about the analysis of the impact of the expert 
judgement in a decision-making process, a round 
table mixing industrial and academic participants, 
co-ordinated by Jean-Marie Hamy (Framatome-
ANP) was arranged. It made possible an interesting 
share of experiences on the management of the ex-
perts according to the industrial needs, on the inter-
vention of experts in the right moment in projects, 
and also on the definition of what is an expert, the 
emergence and the recognition of an expert as such, 
the conditions for keeping his/her level of expertise 
(in particular their participation in working groups 
or exchanges independent of their company), and 
the individual or collective character of expertise. 
Due to the intrinsic differences between different 
industries, the conclusion of the participants was 
that there is not a unique answer to these questions, 
but we should point out that comp
integrate in their quality system the management of 
experts and formalized their place in the projects, 
thus recognizing their importance. 
W  would like to remark in the following lines the 

n conclusions from this workshop, which could 
r research in the next years in the area of EJ: 
EJ has been applied for a very long time in very 
different fields, which has brought as a conse-
quence a broad diversity of methodologies. The 
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lines and recommendations to help managers to 
make application oriented decisions about the 
methodology to be used in each case. A com-
parison of methodologies could be of help in 
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• 
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d its acceptance not only in 
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hanging knowledge in the area of expert 
dgement. 

 
   

   
 

order to get such guidelines and recommenda-
tions. 
The workshop did also show the variety of 
techniques to elicit expert knowledge (use or 
not of training, individuals versus groups, dif-
ferent kinds of aggregation as linear pools, log 
linear pools, Bayesian methods, different kind 
of group opinion, etc.). Consensus on the pref-
erable use of some techniques over others 
doesn’t look a likely situation, in some cases 
due to the specific conditions
tion areas (scarcity of experts, restrictions on 
budget or time or both, etc.). 
Analysts and attendants in general considered 
traceability as a main issue. Any EJ methodol-
ogy should consider this as a main point to 
have. Moreover, in some sensitive issues such 
as safety or risk analysis of hazardous industrial 
facilities, appropriate communication with all 
stakeholders, and the public in a specific way, is 
mandatory. Establishing appropriate ways of 
providing the infor
would enhance the acceptability of such facili-
ties by the public. 
Several papers focused on EJ applied within the 
Bayesian paradigm, which shows the strength 
of this approach an
academic and research environments but also in 
the industrial field. 
Since some time ago several alternatives to the 
purely Bayesian approach have appeared, not 
only in scientific literature, but also in some not 
very large scope industrial activities. Evidence 
theory and fuzzy set theory are getting more 
strength over the last years as alternatives to 
dealing with different types of uncert
some efforts have been done to put EJ in those 
frameworks to deal with uncertainty. 

The workshop was closed with discussion session in 
which many interesting issues arose, and many of 
them have been recorded in this text as conclusions. 
From this session and from the satisfaction ques-
tionnaire that was distributed after the end of the 
seminar, the organisers could check that the main 
objectives of the seminar had been achieved. More-
over, most of the participants showed their interest 
in keeping this kind of activities for sharing and ex-
changing experiences, theoretical developments and 
methods in the future. This reaction encourages the 
organisers to consider this as the first event in a se-
ries, which could likely have a triannual periodicity. 

Finally, the organisers of this workshop would like 
to thank all authors for the high quality works pre-
sented and all participants for their proactive par-
ticipation, w
c
ju
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