
HAL Id: hal-01007359
https://hal.science/hal-01007359

Submitted on 16 Jun 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

The αδ method for modelling expert judgement and
combination of non-destructive testing tools in

risk-based inspection context: application to marine
structures

Franck Schoefs, Jérôme Boéro, Alexandre Clément, Bruno Capra

To cite this version:
Franck Schoefs, Jérôme Boéro, Alexandre Clément, Bruno Capra. The αδ method for modelling
expert judgement and combination of non-destructive testing tools in risk-based inspection context:
application to marine structures. Structure and Infrastructure Engineering, 2012, 8 (6), pp.531-543.
�10.1080/15732479.2010.505374�. �hal-01007359�

https://hal.science/hal-01007359
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


The ad method for modelling expert judgement and combination of non-destructive testing tools in

risk-based inspection context: application to marine structures
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Owners of civil infrastructure base their maintenance decision schemes mainly on both structural integrity
assessment and consequence analysis. Some inputs come from information collected by inspections with non-
destructive or destructive tools. Uncertainties and errors of measurement can lead to bad decisions but are rarely
integrated into the decision process. Currently, risk-based inspection (RBI) provides the basic concepts for
optimising the maintenance plans of existing structures while insuring satisfactory safety and availability of the
structure during its service life. It relies both on reliability computations and probabilistic modelling of inspection
results. This last point leads to introduce the probability of detection and the probability of false alarms that are
usually considered as parameters in RBI. However, when data from inter-calibration campaigns are available, the
whole receiver operating characteristics curves should be used. Then, the comparison of non-destructive testing tools
in terms of cost or benefit is difficult as well as the method for optimising a given technique. This article presents the
ab method that gives a new performance indicator in this context. It is applied to the field of inspection of harbour
structures.

Keywords: decision process; expert judgement; harbour structures; non-destructive testing (NDT) tools; receiver
operating characteristic (ROC) curve; risk-based inspection (RBI)

1. Introduction

Replacement of engineering structures results in high
economic and environmental costs, thus increasing the
interest in maintaining these structures with efficient
management plans. Therefore, the challenge for the
owners consists of guaranteeing the operation and
safety of ageing structures, while ensuring the reason-
able costs and the availability conditions. Harbour
structures meet all these stakes.

Reassessment of existing structures generates a
need for updated material properties. In a lot of cases,
on-site inspections are necessary and in some cases
visual inspections are not sufficient. Non-destructive
testing (NDT) tools are required for the inspection of
coastal and marine structures where marine growth
acts as a mask or where immersion gives poor
conditions for inspection (visibility,. . ., etc.). In these
fields, the cost of inspection can be prohibitive and an
accurate description of the on-site performance of
NDT tools must be provided. Inspection of existing
structures by a NDT tool is not perfect and it has
become a common practice to model their reliability
in terms of probability of detection (PoD), probability
of false alarms (PFA) and receiver operating

characteristic (ROC) curves (Rouhan 2001, Rouhan
and Schoefs 2003, Straub and Faber 2003, Pakrashi
et al. 2008). These quantities are generally the main
inputs needed by owners of structures who are looking
to achieve Inspection, Maintenance and Repair plans
(IMR) (Sheils et al. 2008) through risk-based inspec-
tions (RBI) methods. The assessment of PoD and PFA
is even deduced from inter-calibration of NDT tools or
from the modelling of the noise and the signal
(Barnouin et al. 1993, Rudlin 1996, Rudlin and Dover
1996). Both because of their great economic interest
and the cost (direct and indirect) of inspection, authors
have selected steel harbour structures for the
application.

First, on the basis of several previous works, this
article reviews the theoretical aspects arising from
detection theory and probabilistic modelling of inspec-
tions results. The objective is to provide inputs in the
computation of mathematical expectation of RBI cost
models. Methods for the combination of multiple
inspections are also detailed. It is shown how these
models highlight the role of the probability of defect
presence. Expert judgement or the knowledge of ageing
laws allows quantifying this probability (Rouhan and
Schoefs 2003). The effects of the cost model and the
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combination of multiple inspections are also
highlighted.

In the second section, the article focuses on the use
of the whole ROC curve in the case where no inter-
calibration campaign is available. A parametric
modelling is used to assess the effect of the shape of
ROC curves on the decision process. The article also
introduces the polar coordinates of NDT-BPP for
characterising ROC curves, which allows the para-
metric studies to perform.

Finally, this article focuses on the benefit of the
combination of multiple non-destructive tests and the
role of expert judgement in the cost-based decision
after obtaining results from two inspections. The
interest of such a combination appears specifically
when one technique leads to a good PoD and a very
fair PFA when another one leads to a very good PoD
and a non-negligible PFA.

These concepts are applied on the RBI of steel
harbour structures submitted to uniform corrosion
(steel sheet pile seawalls).

2. Probabilistic modelling of inspection based on

detection theory

2.1. Probability of detection and probability of false
alarm

The most common concept which characterises inspec-
tion tool performance is the PoD. Let ad be the
minimal defect size, under which it is assumed that no
detection is done. Parameter ad is called detection
threshold. Thus, the PoD is defined as (Equation (1)):

PoD ¼ Pðd̂ � adÞ ð1Þ

where d̂ is the measured defect size.
Let’s assume that the noise and the signal

amplitude are independent random variables, then
PoD and PFA have the following expression (Equa-
tions (2) and (3)):

PoD ¼
Z þ1
ad

fsignalðd̂Þ@d̂ ð2Þ

PFA ¼
Z þ1
ad

fnoiseðZÞ@Z ð3Þ

where d̂ is the measured response level of NDT tool,
i.e. ‘signal þ noise’, fsignal and fnoise are respectively the
probability density functions (pdfs) of ‘signal þ noise’
(or measured defect) and ‘noise’.

Thus, the PoD is a function of the detection
threshold, the defect size and the noise, while the PFA
depends on the detection threshold and the noise only
(Schoefs et al. 2008b). Noise is because of the decision-

chain ‘physical measurement-decision on defect mea-
surement transfer of information’, the harsh environ-
ment of inspection and the complexity of testing
procedure (link diver-inspector).

Figure 1 illustrates the pdf and the area to be
computed for the evaluation of PoD and PFA for a
given detection threshold in the case where ‘signal þ
noise’ and ‘noise’ are normally distributed.

2.2. Receiver operating characteristic curve

The ROC curve links the PoD and the PFA. For a
given detection threshold, the couple (PFA, PoD)
allows defining NDT performance. This couple can be
considered as coordinates of a point in R2 with axes
representing PFA and PoD. Let us consider that ad
takes values in the range [7?;þ?], these points
belong to a curve called ROC which is a parametric
curve with parameter ad and defined by Equations (2)
and (3).

The example of a ROC curve (ROC 3) plotted on
Figure 2 is computed with the pdf presented on Figure
1 corresponding to normal distributions.

The ROC curve is a fundamental characteristic of
the NDT tool performance for a given defect size.
Perfect tool is represented by a ROC curve reduced to
a single point whose coordinates are: (PFA, PoD) ¼
[0,1]. A ROC curve represents a NDT tool perfor-
mance facing a given pdf of a defect or a defect range.
More details are available in Rouhan and Schoefs
(2003).

Figure 2 presents six theoretical ROC curves, each
one corresponding to different NDT tool perfor-
mances. The worst curve is ROC 1, meaning that
some noise can be easily detected, even if nothing is to
be detected which finally leads to a high number of
false alarms. As a result, overall performances are then
poor. In contrast, the best plotted ROC curve is ROC

Figure 1. Illustration of PoD and PFA (signal þ noise and
noise normally distributed) for detection threshold ad1.
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2, which differs considerably with the previous curve.
The PoD reaches very quickly to values near 1, with
small probabilities of false alarms for high values of
PoD. Overall performances are very good. These ROC
curves can be obtained by considering two techniques
and the same defect range, one technique and two
defect ranges, or one technique applied in various
conditions (even if the testing procedure is rigorously
followed during inspection). This is the case for
underwater inspections of marine/coastal structures
where accessibility and visibility are limited and
conditions for the use of NDT tools are not optimal.

A simple geometric characterisation of ROC curves
is the distance between the curve and the best
performance point (BPP) of coordinates (PFA ¼ 0,
PoD ¼ 1) (Schoefs and Clément 2004): by definition,
the bigger the distance, the worst the performance. The
corresponding point on the ROC curve is called the
performance point of the NDT tool (NDT-BPP). As
the configurations of ROC curves for the same
distance are various, this article defines a curve
characterisation by using the polar coordinates of the
NDT-BPP. The NDT-BPP polar coordinates are
defined by:

. the radius dNDT equals the performance index
(NDT-PI) (distance between the BPP and the
ROC curve) (Schoefs and Clément 2004, Schoefs
et al. 2007, 2008a);

. the a NDT is the angle between axis (PFA ¼ 0)
and the line (BPP, NDT-BPP).

Assessment of PoD and PFA from the knowledge
of detection threshold can be directly deduced from
inter-calibration of NDT tools (Barnouin et al. 1993,
Rudlin 1996, Rudlin & Dover 1996). Generally, these
projects are expensive, and consequently, it is some-
times necessary to choose another approach.

This article takes place in the context where inter-
calibration is not available. Calculation of PFA and
PoD thereby results from probabilistic modelling of
the ‘noise’ and ‘signal þ noise’ pdf.

Predefined pdf in view of fitting ‘noise’ and ‘signal
þ noise’ distributions, or projection on polynomial
chaos can be used (Schoefs et al. 2008b, 2009a). In this
article, we choose to calculate PoD and PFA for the
entire range of possible detection thresholds by the
following expressions (4) and (5).

PoD � CardðAÞ
Nd

; A ¼ j 2 1; . . . ;Ndf g; dðyjÞ > ad
� �

ð4Þ
PFA � CardðBÞ

NZ
; B ¼ j 2 1; . . . ;Nef g; ZðyjÞ > ad

� �

ð5Þ

where Nd and NZ are the number of ‘signal þ noise’
and ‘noise’ measurements, respectively, and Card(Y) is
the abbreviated form of cardinal, i.e. the number of
elements in the mathematical set Y.

ROC curves are then plotted by connecting these
points in the plan (PFA, PoD).

3. Introduction of inspection in decision process

3.1. Bayesian modelling of inspection results

To introduce the inspections results in a RBI scheme,
conditional probabilities have to be introduced. In
doing this, Bayesian modelling is then suitable and
decision theory offers the theoretical basis (Rouhan
and Schoefs 2003, Schoefs and Clément 2004).

Let us introduce four conditional probabilities:

. P1: probability that there is no defect present,
conditional to no defect detection;

. P2: probability that there is no defect present,
conditional to defect detection;

. P3: probability of the presence of defect, condi-
tional to no defect detection;

. P4: probability of the presence of defect, condi-
tional to defect detection.

In these definitions, the focus is on the presence or
the absence of a defect after an inspection. After being
calculated, the expressions of these probabilities as
functions of PoD and PFA are deduced (Rouhan and
Schoefs 2003) (see Equations (6)–(9)):

P1 ¼
ð1� PFAÞð1� gÞ

ð1� PoDÞgþ ð1� PFAÞð1� gÞ ð6Þ

P2 ¼
PFAð1� gÞ

PoDgþ PFAð1� gÞ ð7Þ

Figure 2. Example of ROC curves with several NDT
performance.
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P3 ¼
ð1� PoDÞg

ð1� PoDÞgþ ð1� PFAÞð1� gÞ ð8Þ

P4 ¼
PoDg

PoDgþ PFAð1� gÞ ð9Þ

where g is the probability of defect presence (see
Equation (10)):

PðX ¼ 1Þ ¼ g;PðX ¼ 0Þ ¼ 1� g ð10Þ

In case of inspection of in-service structures, the
defect presence is unknown. So g is defined by expert
judgement or predictive ageing laws.

An illustration of P2 as a function of PoD and PFA
for a probability of defect presence of 0.1 is presented in
Figure 3. When considering young structures, the low
value of g ¼ 0.1 can be understood as the probability of
presence of large defects, and the high value of g ¼ 0.9 as
the probability of presence of small defects.

3.2. Projection of ROC curves on Pi surfaces

In performing a cost analysis, points from the ROC
curves can be considered for the computation of
Pi{i2[1:4]} (Rouhan and Schoefs 2003). If the detection
threshold is unknown, the performance of the techni-
que is given by the whole ROC curve. Then, we
compute the average level of the projection of the ROC
curves onto Pi surfaces. Projection for two ROC curves
on P2 (ROC 4 and ROC 5) is plotted on Figure 3. The
Pi is then replaced in cost analysis by this geometric
mean value (see Equation (11)):

mððPiÞ ROCj Þ ¼ 1

LROC

Z
ROC

Pi ROCj dlROC ð11Þ

where lROC is the curvilinear abscissa along the
projected ROC curve on Pi surface, PijROC value of
Pi at this abscissa and LROC the length of ROC curve
in (PFA, PoD) plane. This geometric mean value can
be interpreted as the ratio of the area under the
projected ROC and the length of this curve in the plane
(PFA, PoD) presented in Figure 3.

3.3. Cost analysis

Optimisation of inspection plans generally involves the
minimisation of a cost function. Seeing as this cost
function is a random function, the problem is generally
formulated as the minimisation of the total expected
cost when performing scenarios of actions over a given
period (Equation (12)).

EðCÞ ¼
X
i

CðSiÞPðSiÞ ð12Þ

where C(Si) is the cost associated with the ith scenario,
Si and P(Si) is the probability that the ith scenario
occurs. Note that some studies also consider the effect
of the policy on the scatter of the cost by computing,
for example, the p% quantiles of the distribution of
C(S) (Schoefs et al. 2009b).

In case of inspections, two cost functions are
considered. They are related to the cases of detection
or no detection. The set of scenarios depends on the
actions conditioned by the results of the inspection,
termed maintenance policy in the following sections.
For simplicity, the maintenance policy is:

. a ‘detection’ leads to a repair;

. a ‘no detection’ leads to a failure in case of defect
presence and to another inspection in case of
defect absence.

Figure 3. Probability P2 (g ¼ 0.1) and the area under the projected ROC curve (Schoefs and Clément 2004).
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The subsequent costs are denoted E(C)d in the case
of detection (Equation (13)) and E(C)nd in the case of
no detection (Equation (14)).

EðCÞd ¼ C4ð1� P2Þ þ C2P2

EðCÞd ¼ C4ð1� mððP2Þ ROCj ÞÞ þ C2mððP2Þ ROCj Þ
ð13Þ

EðCÞnd ¼ C1ð1� P3Þ þ C3P3

EðCÞnd ¼ C1ð1� mððP3Þ ROCj ÞÞ þ C3mððP3Þ ROCj Þ
ð14Þ

where:

. C1 is the cost associated to the event ‘no defects
knowing that there are no detected defects’.
C1 ¼ Cinspection

. C3 is the extra cost associated to the event
‘defects knowing that there are no detected
defects’. C3 ¼ CinspectionþCfailure

. C4 is the cost associated to the event ‘defects
knowing that there are detected defects’. C4 ¼
Cinspection þ Crepair

. C2 is the extra cost associated to the event ‘no
defects knowing that there are detected defects’.
C2 ¼ Cinspection þ Crepair. Due to the actions
defined in the maintenance policy, it is here
equal to C4.

More complex cost models are described by
Breysse et al. (2009) and O’Connor et al. (2008). The
probabilities P2 and P3 are called respectively in the
following section CWD (for cost weighting in case of
detection) and CWND (for cost weighting in case of no
detection) (Schoefs and Clément 2004).

4. Combination of multiple inspections

To improve the quality and the reliability of material
degradation measurements, the decision-makers can
combine and aggregate the results of several techniques
of inspection, NDT or destructive testing.

The purpose is to find the combination of inspec-
tion techniques which leads to the lowest costs
(inspection, repair, failure, etc.). In this article, the
ROC curve is supposed to be known for each
inspection. For obtaining the resulting ROC curve
after multiple inspections, several combination meth-
ods can be used. They are listed by Schoefs and
Clément (2004). In this study, we use the intersection
and union methods given by Yang and Donath (1984).
We adopt the condensed expressions presented in
Equation (15) for union method and in Equation (16)
for intersection method.

PoDð1 [ 2Þ ¼ PoD1 þ PoD2 � PoD1 � PoD2

PFAð1 [ 2Þ ¼ PFA1 þ PFA2 � PFA1 � PFA2

ð15Þ

PoDð1 \ 2Þ ¼ PoD1 � PoD2

PFAð1 \ 2Þ ¼ PFA1 � PFA2

ð16Þ

In practice, the combination of inspection techni-
ques based on the union method allows decreasing the
number of missed defects according to the detection
threshold. However, the number of false alarms is
increasing with this combination technique. On the
contrary, the intersection method leads to a higher
number of missed defects and a lower number of false
alarms, because both of inspection techniques need
detecting a defect to take it into account.

In the same way as in part 2.2, a ROC(1 [ 2) curve
is plotted by connecting points in the plan (PFA(1 [
2), PoD(1 [ 2)), and respectively, ROC(1 \ 2) curve is
plotted by connecting points in the plan (PFA(1 \ 2),
PoD(1 \ 2)).

5. Sensibility analysis

5.1. Effect of expert’s judgement

Let us now analyse the role of probability of defect
presence g. It is studied through the sensitivity of
m((P2)jROC) to this parameter on Figure 4: low
(g ¼ 0.1), medium (g ¼ 0.5) and high (g ¼ 0.9).
Several theoretical ROC curves (ROC 3, ROC 4,
ROC 6), which are presented in Figure 2, are
considered for this study.

Note that m((P2)jROC) of the best NDT tool
performance, i.e. ROC 6 curve, is less influenced by
the probability of defect presence g than m((P2)jROC) of
the worst NDT tool performance, i.e. ROC 4 curve.

When considering m((P3)jROC), the influence of g is
very sensitive, but in the opposite sense as for
m((P2)jROC): the geometric mean value of P2 is more
sensitive for a small probability of defect present
g (0.1–0.5) and geometric mean value of P3 is more

Figure 4. m((P2)jROC) for NDT tools (3) and (4) and
resulting from intersection and union methods in the case
of a combination of the two NDT tools.
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sensitive for a high probability of defect present g (0.5–
0.9).

Consequently, due to the introduction of
m((P2)jROC) and m((P3)jROC) in the calculation of cost
in case of detection E(C)d and cost in case of no
detection E(C)nd (Equations (15) and (16)), the
probability of defect presence g plays a key role in
cost analysis. This aspect will be developed during the
following parts of this article.

5.2. Effect of the combination of multiple inspections

The objective of this section is to combine several NDT
tools by using the intersection and the union methods.
Using these two methods allows to analyse the
performances after combination and to highlight their
interest in terms of cost. The principle of these methods
is detailed in Equation (15) for the union method and
in Equation (16) for the intersection method.

For illustration, only NDT tools 3 and 4 are used.
ROC curves of NDT tools 3 and 4 are presented in
Figure 2. Discrepancies between ROC curves can be
explained by the technique of measurement and the
testing procedure.

All possibilities of combination between NDT tools
are used, i.e. either by repeating the same NDT tool or
by combining the two different ones. ROC curves
resulting from the combination methods are presented
in Figure 5. In the figure, the symbols ‘u’ and ‘n’
indicate an ROC curve obtained by union method or
intersection method, respectively.

Results for m((P2)jROC) are presented on Figure 4
for the three levels of g and they confirm the dominant
role of the probability of defect presence. Similar
results are obtained when considering the m((P3)jROC).
It should be reminded that the best performance of
NDT tool is the one which minimises m((P2)jROC) and
m((P3)jROC), and therefore NDT tool 3 gives better
performance than NDT tool 4.

By combining the same NDT tool, an increase of
performance is seen in comparison to the use of the
NDT tool only once. This tendency is observed for
both NDT tools. Besides, when repeating the same
technique, the intersection method is slightly more
advantageous for m((P2)jROC) and, on the contrary, the
union method gives better results for m((P3)jROC).

The combination of the two different NDT tools
gives worse performance than the unique use of the
best of both NDT tools. The union method leads to
better results for m((P2)jROC) and m((P3)jROC) than
intersection method.

Finally, the benefit of performance is more
significant where the cases of two different NDT tools
are combined.

5.3. Effect of the cost model

The objective of this section is to analyse the influence
of cost models on the decision process by means of two
ratios (Equations (17) and (18)):

Ca ¼
Ci

Cr
¼ ‘Cost of inspection Cost of repair’ ð17Þ

Cb ¼
Cr

Cf
¼ ‘Cost of repair Cost of failure’ ð18Þ

Mappings of extra cost expectations in the case of
detection EðCÞd and in the case of no detection EðCÞnd
can be plotted for various ranges of the ratio Ca [0.01;
1.00] and [0.01; 0.10] for the ratio Cb. Note that for the
study, we fix the value of cost of inspection at 0.01.
These ranges reflect the common values published in
the literature that consider the cost of inspection to be
generally lower than the cost of repair and that the cost
of failure is always higher than the cost of repair. For a
value of Cb equal to 0.1, the consequences of failure are
weak. In this case, the cost of failure is only equal to
the cost of construction or the cost of replacement of a
small structure. On the contrary, a value of Cb equal to
0.01 corresponds to a structure associated with a high
stakes level (security of the persons, availability, etc.).

In the following, we focus on the cost overrun only.
From Equations (13) to (14), we consider only the
following terms (Equations (19) and (20)):

EðCÞd ¼ C2mððP2Þ ROCj Þ ð19Þ

EðCÞnd ¼ C3mððP3Þ ROCj Þ ð20Þ

Mappings of extra cost expectations in the case of
detection EðCÞnd are plotted on Figure 6 when
m((P3)jROC) equals 0.9. Extra cost of no detection
depends both on ratio Ca and ratio Cb. For higher

Figure 5. ROC curves resulting from intersection and union
methods in the case of a combination of NDT tools (3) and (4).
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ratios of Ca and Cb, the extra cost of no detection
EðCÞnd becomes lower. Given that P3 is the probability
that defects exist knowing that there are no detected
defects, a high value of m((P3)jROC) generates an
important extra cost of no detection.

Figures of EðCÞd are not plotted. It is shown that
this extra cost of detection depends only on ratio Ca.
When the ratio ‘Cost of inspection/Cost of repair’
increases, the cost of detection EðCÞd decreases. Given
that P2 is the probability that there are no defects
knowing that there are detected defects, a high value of
m((P2)jROC) generates a significant extra cost in case of
detection.

Finally, for most cases in the civil engineering field,
the extra cost of no detection is more severe than the
extra cost of detection. This is because stakes
associated with infrastructure are very important by
comparison with maintenance costs (inspection and
repair).

6. Parametric modelling: effect of the shape of ROC

curves on the decision process: the ad method

6.1. Aim and principle

A simple geometric characterisation of ROC curves is
the distance between the curve and the BPP of co-
ordinates (PFA ¼ 0, PoD ¼ 1) (Schoefs and Clément
2004): by definition, the greater the distance, the worst
the performance. The corresponding point on the ROC
curve is called the performance point of the NDT tool
(NDT-BPP). However, as the configurations of ROC
curves for the same distance are varied, we in this
article explain this measure of performance by using
the polar coordinates of the NDT-BPP. The admethod
lies on this characterisation. The NDT-BPP polar
coordinates are then defined by:

. the radius dNDT is the performance index (NDT-
PI) (distance between the BPP and the ROC

curve) (Schoefs and Clément 2004, Schoefs et al.
2007);

. the angle aNDT between axis (PFA ¼ 0) and the
line (BPP, NDT-BPP).

The objective of the ad method is to perform
parametric studies lying on two parameters to analyse
the effect of the shape of ROC curves on the decision
process relating to IMR. To achieve this goal, the
influence of the performance of ROC curves, repre-
sented by dNDT and aNDT, is appreciated through the
costs EðCÞd and EðCÞnd.

In order to perform this parametric study, we
assume that ‘signal þ noise’ and ‘noise’ amplitude are
normally distributed: N(msþn, ssþn) and N(0, sn). To
simulate a set of couples ( dNDT, aNDT) we modify the
values of msþn, ssþn and sn. Values of the mean msþn
stay in the range [0; 10], when standard deviations ssþn
and sn both belong to [0.5; 5]. We modify these values
with a step of 0.5.

Polar coordinates of the BPP of the NDT tool
(NDT-BPP) are computed for each set of pdf
parameters.

6.2. Analysis of the NDT-BPP data base

Figure 7 presents the mapping of NDT-BPP in the
plan (PFA, PoD). We notice that all of the NDT-BPP
have coordinates between 0.4 and 1.0 for PoD and
between 0.0 and 0.6 for PFA: that represents an
interesting area regarding the analysis of the effect that
the shape of ROC curves has on the decision process.

Four examples of NDT tools performances repre-
sented by ROC curves are plotted on Figure 7. For
each one, Cartesian and polar coordinates of NDT-
BPP are given in Table 1. NDT-BPP1 corresponds to
the worst NDT tool performance, meaning that some
noise can be easily detected, even if nothing is to be

Figure 6. Mapping of extra cost expectation in case of no
detection EðCÞnd when m((P3)jROC) equals 0.9.

Figure 7. Data base of NDT-BPP plotted in Cartesian
plane (PFA, PoD).
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detected (no defect presence), which finally leads to a
high number of false alarms. On the other hand, NDT-
BPP2 represents the best NDT tool performance in our
numerical data-base. In this case, the PoD reaches very
quickly to values near 1, with small probabilities of
false alarms for high values of probabilities of
detection.

The performances of NDT tools 1 and 2 can be
easily compared with the radius dNDT, i.e. 0.71 for
NDT-BPP1 versus 0.00 for NDT-BPP2. But between
these two extreme levels of NDT tools performances,
there is a multitude of cases where this single
parameter does not allow for differentiating ROC
curves. To illustrate the role of aNDT, the maintenance
policy and the extra cost functions are the same as
those described in the previous section. The cost model
selected for the application is given on Table 2.

The best of the four NDT tools is the one which
minimises the two extra cost functions or a combina-
tion of them (sum, etc.), related to the cases of
detection or no detection. To complete the parametric
study, we also consider three values for the probability
of defect presence g, i.e. 0.1, 0.5 and 0.9, that is needed
when computing probabilities that govern the extra
cost expectation.

The results of cost analysis are presented in Table
3. Let us focus on the comparison between NDT tools
7 and 8. It is interesting to notice that for the three
values of g, the extra cost in case of detection EðCÞd is
always minimum for NDT tool 7 and the extra cost of
no detection EðCÞnd is always minimum for NDT tool
8. Here, the extra cost in case of no detection is much
larger than the extra cost in case of detection. It comes
clearly from the selected maintenance policy and cost

models. With another cost model, this tendency can be
reversed (O’Connor et al. 2008, Breysse et al. 2009). In
this case, the radius dNDT is no longer sufficient to
characterise the performance of NDT tools and it is
necessary to use the two polar coordinates: the radius
dNDT and the angle aNDT.

This last point is confirmed by the fact that
simulated values of extra costs of detection and extra
costs of no detection according to dNDT are significant.
Results for EðCÞd are presented in Figure 8 for three
probabilities of defect presence g. This sensitivity is
observed for EðCÞnd too.

This figure shows that for a given dNDT, the scatter
in extra cost expectation is very sensitive to g. When
considering aNDT, similar results are obtained but
the sensitivity is not the same. As for the radius dNDT,
the angle aNDT cannot be used alone to characterise the
performance of an NDT tool. Consequently, the
following study is dedicated to analyse extra costs of
detection and extra costs of no detection according to
the whole numerical data-base of NDT-BPP.

6.3. Influence of NDT-BPP polar coordinates on extra
cost of detection and extra cost of no detection

For illustration, Figure 9 presents mappings of extra
cost of no detection according to the data-base of

Table 1. Cartesian and polar coordinates of NDT-BPP.

Cartesian
coordinate

Polar
coordinate

PFA PoD d a (8)

NDT-BPP1 0.50 0.50 0.71 45.00
NDT-BPP2 0.00 1.00 0.00 00.00
NDT-BPP7 0.16 0.79 0.26 36.83
NDT-BPP8 0.18 0.88 0.21 57.23

Table 2. Cost model selected for failure, repair, inspection
and inspection combination.

Cost

Failure 1.000
Repair 0.010
Inspection 0.001
Inspection combination 0.002

Table 3. Performances of the four NDT tools based on cost
analysis.

g ¼ 0.1 g ¼ 0.5 g ¼ 0.9

EðCÞd EðCÞnd EðCÞE EðCÞnd EðCÞd EðCÞnd

NDT1 0.010 0.100 0.006 0.501 0.001 0.901
NDT2 0.004 0.026 0.002 0.154 3.1074 0.372
NDT7 0.006 0.040 0.002 0.252 4.1074 0.713
NDT8 0.008 0.032 0.003 0.189 5.1074 0.457

Note: Italicised values are the minimum value for each value of g and
each NDT.

Figure 8. Simulated values of extra costs of detection EðCÞd
according to the radius dNDT.
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NDT-BPP in polar ( dNDT, aNDT) coordinates, for
g ¼ 0.9.

For this large probability of defect presence
(g ¼ 0.9), extra costs of no detection for g ¼ 0.9
increase when aNDT decreases and dNDT increases.
Note that when considering extra costs of detection,
they are maximum in the zone defined by values of
dNDT higher than 0.3 and aNDT higher than 508.
Outside this area, extra cost of detection increases
mainly with dNDT.

For a low probability of defect presence (g ¼ 0.1),
other results have been obtained: extra costs of
detection are minimum when associated mainly to
values of radius dNDT lower than 0.4 and values of
angle aNDT lower than 408. Maximum extra costs of
detection are located in zone with high values of dNDT

and aNDT. It is also interesting to note that for values
of dNDT lower than 0.1, the influence of aNDT is
negligible. In addition, extra costs of no detection for
g ¼ 0.1 are maximum for values of dNDT superior than
0.1 and for values of aNDT minor than 308. When the
values of aNDT are higher than 308, the extra costs of
no detection increase mainly as a function of dNDT.

Now, three stake levels are considered: high,
medium and low. For each one, a cost model is
defined (see Table 4). Previous correspond to a cost
model associated with a high stakes level. For the three
examples of cost models, mappings of extra cost of
detection are the same because the cost of inspection

and the cost of repair are similar in each case.
Therefore, only mappings of extra cost of no detection
according to Cartesian and polar coordinates of NDT-
BPP are presented for g equal to 0.9 (see Figure 10).

The results from these figures show that the extra
cost of no detection decreases when the stakes level
decreases.

Consequently, for structures associated with a low
stakes level and for low probability of defect presence
(g ¼ 0.1), extra cost of detection and extra cost of no
detection are similar. In this case, the two polar
coordinates, radius dNDT and angle aNDT, are essential
to characterise the performance of NDT tools.

6.4. Use of NDT-BPP polar coordinates for NDT-tool
improvement in RBI context

Let us now consider the risk-based improvement of a
NDT tool. We assume that only the noise can be
modified. The question is: ‘How much should I reduce
the noise (i.e. the standard deviation of its distribution)
to reach a given level of risk?’ It is equivalent to search
the reduction factor r(0 5 r 5 1) applied on the
standard deviation that allows to reduce the cost
expectation.

Let us start from the situation of NDT-BPP B. By
using reduction factors 0.8, 0.6 and 0.4, the displace-
ment of this performance point is illustrated on Figure
9 by the position of the points NDT-BPP B0, B00 and
B000, respectively. This figure illustrates the interest of
the ad method and the associated graphical representa-
tion: the effect of the reduction factor is not linear and
moreover the trajectory of the NDT-BPP is not linear.
As a perspective, the cost of inspection improvement
can be now easily introduced.

7. Combination inspections: example of application for

the RBI of steel harbour structures

7.1. Context

The objective of this section is to analyse the
combination effect when repeating the same or
different NDT tools (i.e. same ROC) twice. The article
focuses on the combination of two inspections in view
of simplifying the analysis of the results. However, the
method can be extended to multiple inspections
without any difficulty. The role of expert judgement
on the minimisation of the extra cost expectation and
on the ranking decisions is also analysed. For the
combination, we consider a memory-less inspection:
the inspection is carried out by two inspectors who do
not remember the previous result at the same location.
Moreover, we mention that inspections are performed
in harsh conditions. The result depends mainly on a set
of human factors such as the experience and the

Table 4. Cost models associated with several stake levels.

Stakes High Medium Low

Cost of failure, Cf 1.0 0.5 0.1
Cost of repair, Cr 0.01 0.01 0.01
Cost of inspection, Ci 0.001 0.001 0.001
Ci/Cr 0.1 0.1 0.1
Cr/Cf 0.01 0.02 0.1

Figure 9. Mapping of extra cost of no detection EðCÞnd in
polar plane for g ¼ 0.9.
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tiredness of the inspector. Then, the results of
inspections from the two inspectors are considered as
independent events. Equations (15) and (16) can then
be used.

The methodology is illustrated for the RBI of steel
harbour structures submitted to uniform corrosion
(steel sheet pile seawalls). In this example, we consider
only the results provided by ultrasonic residual
thickness measurements, which is a common technique
for identifying the zones on steel marine structures that
are the most affected by corrosion.

ROC curves obtained for two wharves by two
couples (diver-inspection society) for the same level of
corrosion are presented in Figure 11 (ROC B and C).
ROC curves are plotted by discrete distributions of
‘signal þ noise’ and ‘noise’. For simplicity, each couple
is named NDT tool in the following sections.

The parameters of the ad method (polar coordi-
nates of NDT-BPP) for the three NDT tools are
indicated on mappings of the extra cost of detection
and extra cost of no detection which correspond to the

same cost model as that used in this application. A
comparison between results given by mappings and
cost analysis carried out during this application is also
suggested in the following section.

On the basis of analysis of dNDT only, ROC C
curve represents the best performance of the three
different NDT tool results and the ROC B curve is the
worst. Measurements are performed in the immersion
area for which the inspection conditions are harsh
(Schoefs et al. 2008b).

7.2. Combination of inspections

The objective of this section is to combine character-
istics of ROC obtained from different couples (diver-
inspection society).

ROC curves obtained by intersection and union
methods of NDT tool results B and NDT tool results
C when repeating the same NDT tool are represented
in Figure 11a, and on Figure 11b when repeating
several NDT tools.

Figure 10. Mapping of extra cost of no detection EðCÞnd in polar plane for g ¼ 0.9 and cost model associated with medium (a)
and low (b) stakes levels.

Figure 11. (a) ROC curves resulting from intersection and union methods for NDT tools B and C when repeating the same
NDT tools and (b) when using the two inspection tools.
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7.3. Sensitivity of cost analysis to expert judgement

In the following, we focus on the two choices that
affect the extra costs in our methodology both in the
case of detection EðCÞd and in the case of no detection
EðCÞnd:

. the probability of defect presence g;

. the decision after two inspections (union or
intersection methods).

The results are presented in Figure 12. The extra
cost in case of no detection is much larger than extra
cost in case of detection. This can be clearly seen from
the selected cost model (huge discrepancy between
Crepair/Cfailure ratio and Cinspection/Crepair ratio).

When analysing m((P2)jROC) and m((P3)jROC), it has
been noticed that union method leads to better
performances than intersection method in all cases of
combination. In contrary to the theoretical study
(section 5.2.), performances obtained after combining
the same NDT tool by intersection method are always
worse than when the NDT tool is used once.
Furthermore, when combining different techniques,
union method gives better performance than the use of
only the best of both NDT tools. This analysis shows
the interest of repeating the same or a different
technique (Schoefs and Clément 2004) but also enables
to the influence of expert’s judgement on the choice of
the combination method to be seen. The expert faces
two decisions: there is a defect if both NDT tools give a
defect or if one of them gives this result.

Let us now analyse the role of the probability of
defect presence g in three cases: low (g ¼ 0.1), medium
(g ¼ 0.5) and high (g ¼ 0.9) values. Influence of g is in
an opposite way for EðCÞd and EðCÞnd: the extra cost
of detection is more important for small probabilities
of defect presence (0.1–0.5) and the extra cost of no
detection is more important for high probabilities of
defect presence (0.5–0.9). It comes from the fact that

EðCÞd and EðCÞnd depend respectively on m((P2)jROC)
and m((P3)jROC). We remind that P2 is the probability
of no defect presence, conditional to defect detection
and P3 is the probability of defect presence, condi-
tional to no defect detection. So, P2 is directly
associated with false alarms, and P3 with no detections.
False alarms are more sensitive when probabilities of
defect presence are small. On the other hand, no
detections are more sensitive when probabilities of
defect presence are high.

Furthermore, extra costs due to detection and no
detection increase when performances of ROC curves
decrease. To illustrate this comment, we compare extra
costs obtained in this study for the NDT tools B and C
(see Table 5) and the mappings where parameters of
the corresponding ad method (polar coordinates of
NDT-BPP) were indicated (see Figure 9). Besides,
polar and Cartesian coordinates of the two NDT-BPP
(B & C) are detailed in the Table 6. NDT-A is not
considered in this article.

Table 5. Performances of the three NDT tools (A, B & C)
based on cost analysis.

g ¼ 0.1 g ¼ 0.9

EðCÞd EðCÞnd EðCÞd EðCÞnd
NDT B 0.006 0.039 4.1074 0.682
NDT C 0.004 0.033 3.1074 0.624

Table 6. Cartesian and polar coordinates of the three NDT-
BPP (A, B & C).

Cartesian
coordinate

Polar
coordinate

PFA PoD d a (8)

NDT-BPPB 0.11 0.82 0.21 32.00
NDT-BPPC 0.02 0.93 0.07 14.06

Figure 12. Influence of g on the extra cost in the case of detection EðCÞd (a) and no detection EðCÞnd (b).
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We highlight the fact that extra costs of detection
and no detection obtained during this illustration are
coherent with mappings for NDT-B and NDT-C. This is
because of the sensibility of extra costs to the polar
coordinates of NDT-BPP. Indeed, the lack of precision
on the value of aNDT when discrete distributions are
used, can lead to a bad exploitation of the previous
mappings. To increase the reliability to characterise the
‘noise’ and ‘signal þ noise’, we suggest to use the
projection on polynomial chaos (Schoefs 2009, Schoefs
et al. 2008b, 2009).

8. Conclusion

Concepts of ROC curves coming from detection theory
are very useful to quantify the performance of non-
destructive techniques. This article reviews the theore-
tical aspects coming from detection theory and
probabilistic modelling of inspections results with the
view to provide inputs in the computation of mathe-
matical expectation of RBI cost models. Methods of
combination of multiple inspections are also presented.

Sensibility analysis shows the influence of inputs on
RBI concepts. Effects of expert judgement and cost
model are highlighted. The effect of the shape of ROC
curves on the extra costs is analysed through the ad
method. The objective of the parametric study is to
assess the influence of the performance of NDT tools,
characterised by polar coordinates dNDT and aNDT in
the plane (PFA, PoD), through the expectation of the
extra costs in the case of detection EðCÞd and in the
case of non-detection EðCÞnd.

Finally, this article shows the interest of combina-
tion methods, i.e. intersection or union, for high-
lighting the impact of the expert judgement in the
decision process at two levels:

. the way to address the decision after obtaining
results from the two inspections (choice of
combination methods);

. the estimation of the probability of defect
existence that is needed when computing the
probability of events that govern the extra cost
expectation.

These aspects are treated by an illustration of the
process for the RBI of steel harbour structures
submitted to uniform corrosion.
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