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Abstract: In engineering system control, human beings cain particular concerning associated uncertaint@][8n this
play various key roles in particular concerningpaper, we used a possibility theory based apprdach
measurement, global assessment and decision. It figrmalise all the different uncertain pieces ofommation
recognised that in such complex systems many imeblv [10]. We focus on the two main aspects: sensorjuatians
variables are evaluated with uncertainty. In théggr, we and global judgements. An applicative example coring
used a possibility theory based approach to fogealil the the safety assessment of dams is dealt with. Teesament
different uncertain pieces of information. An applive of the dam safety aims at maintaining the infragtme
example concerning the safety assessment of dams dsset, which is subjected to inevitable ageinggand and
presented. serviceable condition at minimum cost. The objextiiv to

Keywords: sensory evaluations expert judgements, detect and to correct phenomena that can lead to:

knowledge uncertainty, possibility theory, dam asseent. « various deteriorations that may result in
accelerated ageing, in additional operational
1. INTRODUCTION and maintena.nce costs, in significant loss of
water in dams;

The issues of modelling complex phenomena and
providing data for their subsequent use are highbminent
and challenging tasks requiring the involvement of
interdisciplinary knowledge, in particular expertdwledge
[1-2-3-4]. Indeed, numerous examples of system robnt 2. MEN AS MEASUREMENT DEVICES
demonstrate that the models of complex phenomemaota
be fed only with physical measurements. Human exatu
quantities have become an inherent part of systealysis
[5-6-7]. In case of decision support systems, hunsnplay
various roles (cf. Fig. 1):

» failures that can cause dramatic events such as a
dam failure.

In many cases, some characteristics or properfies 0
system are very difficult to quantify by instrumantvay
due to their cost or to the lack of reliable instantal
sensors. Human evaluation is thus widely accepdeal taol
for the evaluation in various domains.

e in elementary measurements and sensory

evaluations: In civil engineering, visual inspection is a kegnit, for

example for the surveillance of dams: crackingfedéntial
* in global judgements of products or processesnovements, seepage, vegetation presence or sinkinele
by aggregation of several evaluations; examples of visual measurements assessed by e®perig
. he decisi ki h .dam reviews [11-12]. Experts can detect small changf
©ont € decision - making, -wnhen proplg)sm%dam characteristics thanks to their knowledge and
gs;rtzcr::\:)eroigtelzcc)igsc;r?egtslyto guarantee that t Sxp_erience. These visual measurements are usettlitioa
' to instrumental measurements from in situ sensdasa
Therefore, in complex systems, in order to fad#titthe coming from models and, data related to design and
information processing, we have to view objectiveconstruction processes. The whole data are pratesge
measurements, sensory evaluations and expert jilgem experts and finally combined to assess dam safety
on quantities as measurements with a similar reptation,  (cf. Fig. 2).
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We can therefore distinguish two roles concerning t
measurement field (cf. Fig. 1): either experts data which
they get directly on the system by sensory evanati
(visual, texture measurement...), or they use diaming
from measuring instruments (piezometer, Iaborator)g
device..).

2.1. Direct measurement of system variables

A methodology to capitalize on the skill of the oiters
r experts in making sensory evaluations has ajrésen
roposed [13]. This methodology is based on a grid
composed of seven elements: name, definition, tipgra

Moreover, at an higher level of decision, they h&we conditions, scale, references as scale anchorstialspa

interpret these data with respect to their inflleermn the  characteristics (sampling, measurement locationd, ttme
good functioning of the system or on the subsequertharacteristics (measurement frequency, analysgiéncy,
structural or functional deteriorations or failurdius, such etc.). The sensory indicators can be based on reliffe
expert judgements have to be structured in a commasenses: vision, touch, smell, taste or auditiorthihcase of
representation space, which has led to the conoépt dams, only visual measurements are performed. Table
indicator [13], in order to benefit from all of the pieces of exhibits an example of a formalised visual obséovat
information in the decision making. Moreover, theicator
representation has to deal with uncertainty inherien

human perception and incomplete knowledge. Table 1. Description of the visual indicator “Sinkiple — Subsidence
cone”
Name Sinkhole — Subsidence cone
Dam characteristics S—
Geometry Definition Local collapse of land surface, usually
Material properties funnel-shaped, due to spaces and cavern
Design, Construction
Hydrology, Hydraulics development underground

Scale and 0: absence of sinkhole or subsidence cone
references 6: isolated, small (some dm), old (several

Data calculated Monitoring Visual years) sinkhole OR presumption of
from models measurements observations . .
sinkhole (presence of subsidence cone)
7 — 9: isolated, small (some dm), new (lgss
than 1 year) sinkhole OR isolated, huge,
Data agregation old (several years) sinkhole
(expert approach) 10: huge and new (less than 1 year)
sinkhole
Safety Location Crest or upstream shoulder or downstr¢am
assessment shoulder
Time Evaluation carried out once a week

Fig. 2. Data used by experts for the assessmentdzim safety characteristics
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In this approach, experts are considered as maasnte was kept. However, operating conditions are usually
devices. As measurement devices, their metrologicahcluded in the definition if no specific conditisnare
performance should be determined and particularlypecessary. By contrast, they are detailed as $péeiins if
repeatability and resolution (discrimination alilit They they are important: for instance, depth crack measants
are defined as [14]: can be performed “at the middle of the length @icks” or

- “at the edge of cracks”.
« the repeatability : « closeness of the agreement g

between the results of successive measurements The scores provided by all the indicators are iat fa
of the same quantity carried out under the samdeterioration level score and are therefore defoead 0-10
conditions of measurement”; scale; 0 means no deterioration at all and 10 & hig

. . deterioration level.
* the resolution: “the smallest difference between

indications of a displaying device that can be Table 2 provides an example of a formalised
meaningfully distinguished”. This characteristic instrumental indicator.
is assessed by the discrimination ability of the

operators. Table 2. Description of thf? monitoring indicator “Decrease of
ow”
In case there are more than one expert, reproditicibi
defined as [14] “the closeness of the agreementdest the Name Decrease of flow
results of measurements of the same quantity caoig Definition Flow measurement allows the
under changed conditions of measurements” can be quantification of infiltrations controlled by
assessed. the drainage system

We proposed a methodology to determine theseScale (0-10) 0: no decrease observed
metrological characteristics [15]. This methodolagy also | and 1-2: low decrease (<10%/year)

be applied to evaluate metrological characteristafs | references

operators through time: repeatability, discrimioatiability 7-8: high and rapid decrease (>50%/yeatr)
and reproducibility. 10: flow suddenly reaches O L/s
Finally, this method allows a formal descriptiondaa If the dec'reas.e is from 10 to 50 %, no scpre
transmission of this know-how. We showed that it ig can be given: the decrease of flow can|be
possible to train a new operator to carry out the due to a drainage collector collapse, a drain
measurement [15]. clogging as well as a spring drying up
Location Drain outlet

2.2. Measurement interpretation . . .
Time Flow measurement is carried out once a

Another task devoted to human consists in tramgjatie characteristiq week
measurements (issued from a sensor or a human) into
judgement values in relation with the global sought
information, e.g. safety or performance degradationce
translated on a same scale, these richer evalsatian be
combined to obtain a global assessment of prodacts Data handled by experts are frequently « impesfect
processes. they contain uncertainty, imprecision, incompletme

This case is encountered in the domain of civiIga(i"f[‘éng?;qug;e?ezgweg22\/;8&6‘&\’8?&06??825%;rz-gmtgr
engineering [11] where measurements used by exgiens ; S ; o

9 g [11] y faulty” or “Dike founded a priori on granite”. Thefore it is

from four sources: Vvisual inspection, ins’[rumentalof main importance to take imperfections into actdd the
measurements (piezometry, crack measurements, geaka in 1mp € 1mp : :
assessment system. This leads to have an assessment

[e)::r.r)r,]egt?ifilt?/? :trgg, Cgr?gm:)tttlgﬂtsda;? r;selgﬁgi,icz;?pmée indicatprs that better represents the pgrceptian shprfacise
(hydraulic gradient, seismic resistance, spillwapacity, numgr_mal asgessment. Indeed., to Impose thg mcat
etc.) (cf. Fig. 2). providing precise scores when imperfections exh l_ead
the expert to give a very severe score to respeeutious
A formalisation grid was proposed and led toprinciple. Consequently, corrective actions areenrastic
deterioration “indicators”, i.e. measurements whithve than they should be.
been referred to suitable values according to tinfliience
on the global safety deterioration judgement. Tid aims
at obtaining the information necessary to correagdg the
indicators: repeatability and reproducibility mudie
achieved. All the different types of indicator atescribed

Data processing is carried out once a year

2.3. Integration of imperfections

We propose to represent imperfections using pdigibi
distributions [16-17-18]. Experts express themselseores
of an indicator as a normalised fuzzy subset. Tinezyf
membership function is built considering that therec
with the same format initially developed for serysor represents the more "kF‘-"y vglues anq the suploet t
measurement [13] and adapted to other types of: dat ossible values. Then a Imea_r .|r.1terpolalt|on. IS em_eﬁig. 3
instrumental measurements, outputs of mechanicaefao shows an example of a possibility distribution givey an
or design and construction data. The same fornlisgrid
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expert for the indicator “Leakage of clean wateotigh the HFM
embankment”.
Fuzzy rules ¢1, p F3)

' t

1 F3
0,8 / \ [
/ \ Fuzzy rules g F1/p F2) Max (15, 16, 17)
06 ‘[ 15
04 WFL LF2

17—

0,2

Max (11, 12) Max (13, 14)

14

Fig. 3. Possibility distribution of the indicator “Leakage of clean Fig. 4. Example of hierarchic model of a failure mde
water through the embankment”

3. MEN AND GLOBAL ASSESSMENT For example, function performanceR) is assessed by

calculating the maximum of the values of the (n-in+1

The amount of variables involved in complex system NI .
P y indicators (},) implied in the assessment of the function and

be very consequent. Managers in charge of theitraon _
often try to obtain a more synthetic assessmetiteo$ystem appraised by experts:
by aggregation of the available data. This glolsakasment

. . . n
allows the expert to propose corrective actionseifessary. g = MAX [1] (1)
For example, in civil engineering, these action®ceon j=m

major reconstruction, rehabilitation or securitpjpcts. S ]
The mathematical justification of this operator dize

In fact, the main problem is the decomposition ke t aggregate indicators that are at the lower leveltiaf

global assessment into causal networks involvingyerarchy is linked to the cautious principle tlancerns
elementary evaluations and measurements. This stige  these functions.

on experts which are able to deliver a diagnosithefstate
of dam, identifying the most probable scenario thatld
give rise to the measurements that signalled thratmal
values. WFprainagedre:

(R1) IF “Clean water seepag® AND “Piezometry%2
AND MFSealingg 2 THENg; = “FSeaIing 2)

Fuzzy rules combining for exampl@Fgeying and

3.1. Dam hierarchic system model

In our proposed dam model, the global assessméing is . . s ;
safety deterioration of the dam related to differtilure  (R2) IF “Clean water seepage AND “Piezometry=2
modes fIFM), which are depending on different technical™ND HFseaiing® 2 THEN®1 = HFprainage (3)
functions (Fi), such as sealing, drainage, intemrasion
defence, sliding defence, themselves dependingftereht ~where “Clean water seepage” and “Piezometry” are tw
indicators (li). An example of such decompositios i indicators.
illustrated in Fig. 4. In a reciprocal way, thewad given by
indicators (li) are bottom-up aggregated to givestf the 3.2. Propagation of imperfections

function performance degradationF{) or a combination of Imperfections represented by distributions of ik

them (i), and then, safety deterioration of dam related t . o {5 pe propagated into the safety degradatiodem

failure mode |(FM). The aggregation operators involved arérpe propagation of possibility distributions via aperation
the maximum and minimum operators, fuzzy rules... f obeys Zadeh’s extension principle [19]:

7. (S.) = sup (min(7z,, ($),..73, ($)))

RIS )/f (s+-8)=8
4)

with s,...,5 the deterioration indicator score agd the
performance deterioration score.

In our context, the functiorf is either directly a
mathematical operation (max, mean) or a functiemsting
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from fuzzy rules. A symbolic conjunctive approadh the

rule processing (with the product and the bounded as

combination and projection operators), followed hy
defuzzyfication based on the height method, leadsat
piece-wise linear expression for the functfomssociated to
the set of fuzzy rules [20].

An illustration of propagation of possibility digiutions
into the global dam assessment is provided in3=ig.

HMR Internal Erosion

MAX [Seepage of clean water, Piezometry]
OR Logical equationguf SealingF Drainage)

] ¢ Insufficiency
. of drainage capacity

MAX [Sinkhole, Differential settlements, Local and dudy seepage]
OR Logical equationsy Insufficiency of drainage capacityF Erosion Defence)

HF Erosion defence

MAX

Hairline cracking

Holes

I &

Flow/Flow change (increase)—

1
N
=

Piezometry

UF Drainage |‘—|

% Visual state of drain collector—
% Flow change (decrease}—]

Vegetation presence—————|

Seepage of clean water——

MAX

Fig. 5. Example of imperfection propagation in theglobal dam assessment in relation with a failure ode

The possibility distribution obtained by the aggrton
of UWF Sealing anduF Drainagei.e. ¢ Insufficiency of
drainage capacity is then aggregated wjth Erosion
Defence to obtaipMR Internal Erosion (cf. Fig. 5).

3.3. Defuzzification

4. APPLICATIONS

Three experts assessed fifteen indicators as [ilitgsib
distributions. Indicators were described as casgl$ foom
completed dam reports written at the end of detailam

reviews performed by Cemagref experts. The cases ar

Results obtained at the end of the imperfection§omposed of a small number of paragraphs and ceenfire

propagation into the safety assessment model azey fu
subsets. These information can be used directlythey
experts to take decisions or can be the inputs déasion
support system.

However, a defuzzification step is relevant inestst one
case: experts have to communicate results concgith|
dam safety to other safety actors, for instance, dam
owner or the reservoir operator. To answer thisdneear
current researches are about the definition of rinest
pertinent defuzzification method and the requirachher of
defuzzified data. Interval defuzzification proces$el-22]
seem relevant and adequate in our case.
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following sections: dam description (height, fifiling date,
reservoir capacity, sealing type, etc.), informatfoom the
visual inspection or data for monitoring and, inseeaof
visual indicators, photographs. For the assessnesperts
use the description grid (cf. Tables 1 and 2 famneple) and
the simplified cases.

Various types of distribution were declared by etgpe
trapezoid, triangle-shaped, precise interval...Kd. 6). The
maximal length used to define the support is Sriratis (for
instance FO = [2, 3, 4, 5, 6]) and the maximal tantp
define the core is 2 intervals (for instance, F[b76]) on a
scale from O to 10.
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Fig. 6. Examples of possibility distributions decleed by three
experts for three indicators

Next, these possibility distributions were propagainto
the safety assessment model. Fig.5 provides an zamh
propagation declared by an expert into the modelttie
global assessment of the dam safety. The fuzzys rate
Equations (1) to (3).

A deterioration of the dam safety concerning aufail
mode is necessary due to the deterioration of thelevset
of functions implied in this failure mode. For exale the
dam safety related to the internal erosion throubé

embankment comes from the performance of three
functions: sealing, drainage and erosion defencke T

deterioration of only one or two of these functialzes not
lead to a deterioration of the dam safety, at tlsenent of
the inspection. Some indicators (seepage of clestervand
piezometry) have a direct impact on the assesswofetiite
deterioration of the concerned function. These caitdirs
called “direct indicators” provide information caraing
the occurrence of phenomena resulting from

deterioration of two functions. For example, anuifisiency

the

A common structured representation based on pdigsibi
distributions has been proposed to deal with the
imperfections of measurements, sensory evaluatiod a
expert judgements, as well as their aggregatiomgala
hierarchic model composed of different simple oplens
(max, min, average...). The proposed methods have bee
illustrated on a civil engineering applicatiare. dam safety
assessment, but they could be applied to other idhsma
where human beings play also an important role in
measurement, global assessment or decision. Further
developments will concern explanation functioneftiin
such multi-criteria decision making process invoi
uncertainty.

REFERENCES

[1] G. R. Andersen, L. E. Chouinard, C. Bouvier and W. E. Back,
"Ranking procedure on maintenance tasks for monitoring of
embankment dams,” Journal of Geotechnical and
Geoenvironnemental Engineering Vol 125, pp 247-259, 1999.

[2]J. De Brito, F. A. Branco, P. Thoft-Christensen and J. D
Sorensen, "An expert system for concrete bridge management,”
Engineering Structures Vol 19, pp 519-526, 1997.

[3]F. Farinha, E. Portela, C. Domingues and L. Sousa,
"Knowledge based systems in civil engineering: three cases
studies," Advanves in Engineering Software Vol 36, pp 729-
739, 2005.

[4] H. C. Foo and G. Akhras, "Prototype knowledge-based system
for corrective maintenance of pavements,” Journal of
Transportation Engineering Vol 121, pp 517-523, 1995.

[5] Intelligent Sensory Evaluations, D. Ruan, X. Zeng (Eds),
Springer-Verlag, 2004.

[6] M. Grabisch, F. Guely and P. Perny, Evaluation subjective
Méthodes, Applications et Enjeux, 1997.

[71 M. N. Omri, I. Urdapilleta, J. Barthelemy, B. Bouchon abd
Tijus, "Semantic scales and fuzzy processing for sensorial
evaluation studies,” Proceedings of the International
Conference IPMU'96, Granada, Spain, 01-05/06/1996.

of drainage capacity stemming from an abnormal wate

incoming into the dam (deterioration of sealing diion)
and an insufficient drainage of this abnormal antooh
water that leads to seepages or an abnormal satuddtthe
material of the embankment detected by piezométhe
direct indicators are indicated by bold type in.Fg

In addition, in order to identify the main symptownsd
evidence related to a deficiency scenario and tingsovide

suitable recommendations for solving the probleime t

impact of the various indicators on the techniaaiction

[8] R. M. Cook, Experts in Uncertainty, Oxford Univ. Press, New
York, 1991.

[9] A. Denguir-Rekik, G. Mauris and J. Montmain, "Propagation of
uncertainty by the possibility theory in Choquet integral based
decision making: application to an E-business website choice
support,” |EEE Transactions on Instrumentation and
Measurement Vol 55, pp 721-728, 2006.

[10] D. Dubois and H. Prade, Possibility Theory: an Approach to
Computerized Processing of Uncertainty, Plenum Press, New
York, 1988.

and on the global dam safety deterioration is under

consideration.

In first analysis, the experts that performed tkereise
have found the approach relevant for a future apptin
during diagnosis and expertises of dams.

5. CONCLUSION

In this paper, the roles that human can play inglemn
systems, such as dam safety assessment, have
highlighted, especially concerning the measurememd
evaluation of the involved entities.

244

[11]C. Curt, L. Peyras and D. Boissier, "A knowledge
formalisation and integration-based method for the assessment
of dam performance," to appear in Computer-aided Civil and
Infrastructure Engineering.

[12] M. Poupard and P. Royet, "La surveillance des barrages,"
Proceedings of the CFGB Colloque Technique, Aix-en-
Provence, France, May 2001.

[13] C. Curt, G. Trystram and J. Hossenlopp, "Formalisatiort-of a

line human evaluations to monitor product changes during
Morocessing. Integration of human decision in the dry sausage
ripening process," Sciences des Aliments Vol 21, pp 663-681,

bee



2001.

[14] International vocabulary of basic terms in metrology (VIM),
1994.

[15] C. Curt, N. Perrot, I. Allais, L. Agioux, I. loannou, Bdoura-
Gaena, G. Trystram and J. Hossenlopp, "Formalization of at-
line human evaluations to monitor product changes during
processing: the concept of sensory indicators," Intelligent
Sensory Evaluation, 2004.

[16] C. Baudrit, D. Dubois and H. Fargier, "Practical represemn
of incomplete probabilistic information,” Proceedings of the
2nd International Conference on Soft Methodology and
Random Information Systems, Oviedo, Spain, 02-04/09/2004.

[17] D. Dubois, "Possibility theory and statistical reasoning,”
Computational Statistics & Data Analysis Vol 51, pp 47-69,
2006.

[18] G. Mauris, V. Lasserre and L. Foulloy, "Fuzzy modeling of
measurement data acquired from physical sensors," |EEE
Trans on Measurement and Instrumentation Vol 49, pp 1201-
1205, 2000.

[19] L. A. Zadeh, "Fuzzy sets as a basis for a theory dfipitisy,"
Fuzzy Sets and Systems Vol 1, pp 3-28, 1978.

[20] S. Galichet, B. R. and L. Foulloy, "Explicit analytical
formulation and exact inversion of decomposable fuzzy
systems with singleton consequents," Fuzzy Sets and Systems
Vol 146, pp 421-436, 2004.

[21] D. Dubois and H. Prade, "The mean value of a fuzzy number,"
Fuzzy Sets and Systems Vol 24, pp 179-300, 1987.

[22] D. Dubois and H. Prade, Fundamentals of Fuzzy sets, Kluwer
Academic Publishers, 2000.

245



