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Abstract—Mountain river torrents and snow avalanches gen- and uncertainty of the available information that may resul
erate human and material damages with dramatic consequense from measures, historical analysis, testimonies but algp s
Knowledge about natural phenomenona is often lacking and jective, possibly conflicting, assessments done by therexpe

expertise is required for decision and risk management purpses th | A le the definit f risk .
using multi-disciplinary quantitative or qualitative app roaches. emselves. As an example, the deninition or rsks zones 1S

Expertise is considered as a decision process based on |mm[ Often ba.sed on the extrapolation Of hiStOI‘ica| information
information coming from more or less reliable and conflicting known on particular points using morphology based analysis
sources. A methodology mixing the Analytic Hierarchy Procses (figure[2).

(AHP), a multi-criteria aid-decision method, and information

fusion using Belief Function Theory is described. Fuzzy Setand

Possibilities theories allow to transform quantitative ard qualita- Decision < Expertise <~  Sources
tive criteria into a common frame of discernment for decisio in Risk Avalanche

Dempster-Shafer Theory (DST) and Dezert-Smarandache Theory ~ *™™ path

(DSmT) contexts. Main issues consist in basic belief assignments | new building Morphology (local)

elicitation, conflict identification and management, fusio rule R agen 2 based LR

choices, results validation but also in specific needs to maeka - extmpdlation ormato Expert in
difference between importance and reliability and uncertanty in ~ [¥§=ee¢ Expert geomorphology
the fusion process. area based Spatial

analysis

Keywords: natural hazards, expertise, decision-making,
multi-criteria decision making, Analytic Hierarchy Process  Buidings

Direct
(AHP), DST, DSmT. ot I Morphotogy” T {_ winess
v) dendrochronology Historian
. INTRODUCTION = Risk level 2 History 1 E L%
OnoEm (Mg ) Numerical modelan]\ ﬂm’:;
Mountain river torrents and snow avalanches generate t b s,,owc,,,,,am,ogy e
| 1 OFICE -artographical
man and material damages with dramatic consequences. [Several evaluation oriterial| GRyeroirenion | e

the natural hazards context, risk is assessed as a conalpina.. @ Ay M otser it

of hazard and vulnerability levels. This formulation can be
considered as equivalent to a combination of frequency arfiyure 2. Information, expertise and decision in risk zgnapplications.
gravity which is more currently used in industrial context

(figure[1). At the end, phenomenon scenarios and decisions may very
well rely on very uncertain information without being abte t
Natural hazards context really know what was completely true, imprecise, confligtin
| Hazard | ®| Vulnerability | ®] Risk or simply unknown in the hypotheses leading to these results
reba e, () Inferslly emages  (X) value In that context, our essential hypothesis consists in denisig
phenomenon il expertise as a decision process based on imperfect infiormat
Industrial context related to multiple criteria and coming from more or less
[Frequency | & | Gravity | ® | risk | reliable and conflicting sources.
Intensity () (oo SATA0 ey (X)) value This paper proposes a methodology able to help decision
a « combination » of isk components based on imperfect information. In sectiof] I, we briefly

introduce the principles of multi-criteria decision arsy
Figure 1. Equations of risk in natural hazards and industeatexts. (MCDA) focusing on theAHP developed by T. Saaty
(section[1I-A). The sectiom_II-B analyzes the existing nuath
Expertise is always required to define the types of possibiteethods using botli/ C D A methods and theories for uncer-
phenomena, to assess the hazard and risk levels and to propaisty management. In section_]lll, we present the different
prevention measures. Expert judgements depend on quaditgps of a new methodology applying to a multi-criteria deci
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sion problem based on imperfect information resulting froms important for a decision in a hierarchic structure degcen

more or less reliable sources. Conclusions and perspeetiee ing from an overall goal to criteria, sub-criteria and figall

given in section[1V. alternatives in successive levels. It is based on threecbasi
steps: decomposition of the problem, comparative judgment

Il. METHODS FORMULTI-CRITERIA DECISION ANALYSIS  and hierarchic composition or synthesis of priorities (fajd).
AND IMPERFECT INFORMATION

Information and decision are closely linked and differer — Analysis
methods exist to take a decision on the basis of imperfe
information. From one hand, main principles of multi-cride
decision analysis and existing theories to manage impterfe Single indicator
information are over-viewed. From the other hand, we the Pagskon)
briefly analyze the characteristics and lacks of existinghme
ods methods using both/ CDA methods and theories for
uncertainty management.
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A. The Analytic Hierarchy Process

Multi-criteria decision analysis aims to choose, sort atkra
alternatives or solutions according to criteria involvedthe
decision-making process. Main steps of a multi-criterialan
ysis consist in identifying decision purposes, definingecia,
eliciting preferences between criteria, evaluating aléves
or solutions and analyzing sensitivity with regard to wesgh

Figure 4. Principles of the analytic hierarchy process.

At each level of the hierarchy, a preference matrix is bylt u
through pairwise comparisons using a semantic and ratle sca

thresholds, .... Total aggregation methods such as thei—MuEﬁ asses§dthe 3ﬁc's'?n_r?akerr? ;ehg?ces. b(_etween thm‘?"’“er
Attribute Utility Theory (M.A.U.T.) [11], [13] synthesizein "€ considered level. Throug PaIrwISe comparison

a unique value the partial utility related to each criteraond prgcess,twter:gthts ar;)d priorities dare_thderlve(lj) flrlom a se_t cl)f
chosen by the decision maker. Each partial utility functiof gmerrll_s ”a 'I(':r?n e__explileés; elther verbaiy, nu(rjndb:tr_lca
transforms any quantitative evaluation of criterion into 0" graphically. The origina process uses an additive
utility value. The additive method is the simplest method tBreference aggregation and compares the solutions from one
aggregate those utilities (figui@ 3) to each other in a so-called "Criterion-alternative apphda

| This implies to make pairwise comparisons between all the

solutions or alternatives in order to obtain preferenceslée

Multicriteria decisions typology : to choose, sort, rank... alternatives

Setof . quantitative SETSEETTRivesISalions between these alternatives. When dealing with great amafunt
C"te"a_‘f fwa“tativ? ‘ Lo A= J01;88,0:0, Cirmes an) data, this becomes quickly quite difficult. An other appitoac
e C={e1,02, 16555 em} —— so-called "Criterion-index (or estimator)-alternativis’ used
u; (i)  Partial utty of solution \ —Total aggregation___ in our developments (figufe 5). Instead of comparing all the
BRI Sosmienitn [ Y Shglesgihetis alternatives, the decision analyst evaluates, for eaehnaitive,
Utility A link between evaluation " eriterion for decision  criterion according pre-existing classes. Each evalnatlass
f“'::";":;‘ I_’ SR e ——— corresponds to an increasing or decreasing level of setiisfe
Y of a given criterion involved in the decision making. For
(i) Ui :Z“"’ ~uy(ig) example, the criteriohuman vulnerabilityexposed to natural
Quantitative ~ 4 hazards can be assessed according to three classes based on

evaluation of

the oriterion i . BYSRTEEEE a number of existing and exposed buildings (figure 7). These
|

Utility curve of

partial utity of /" iy classes code some kind of ordinal levels corresponding to a
criterion 0 l" TR T T : | di ibuti isf i
IR z; en € setof weights ow, medium or strong contribution (or satisfaction) to (or
175 vl =] twszwpwnd - of) the criterion. In that way, thet H P method, despite the

known issues of complete aggregation methods, fits quite wel
Figure 3.  Multi-criteria decision method based on a totagragation to decision ranking problems where the alternatives arealhot
principle. known.

The Analytic Hierarchy Processi¢Z P) [12], [19], [20] is a B. Making a decision on the basis of imperfect information
single synthesizing criterion approach. This method isldvor Several theories have been proposed to handle different
wide used in almost all applications related with decisiorkinds of imperfect informationFuzzy Sets Theorfpr vague
making [27]. AH P is a special case of complete aggregationformation [29], Possibility Theoryfor uncertain and im-
method based on an additive preference aggregation ancecaptecise information []9],[[30] andelief Function Theory
considered as an approximation of multi-attribute prafeee that allows to consider uncertain, imprecise and conflictin
models [11]. Its principle is to arrange the factors congde information. In addition to originaDempster-Shafetheory



-0 Hierarchical analysis of the decision problem

Evaluated alternative : a; w = < - ; .
towin - L % Decision | | Evaluation | « I\f/lapplng » model Decision
w . — : for each criterion makin
] 112 <y win (i) Multicriteria N“':.le?ca' i 9
w11 ’ decision (Quantiagve ) or M Decision ]
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Decision analysis evaluation L N
o=} Criterion @ !
= =% X M
= e o . % o
eval agp(a;) = wiy - winn < wii1 (@) +Awin - wiiz - wiz(a;) £ x |jfterene s
+wi2 v ... © : i ) i P Decision« profile »:
2 % \ [\ resglt of fusion
o A \ Decision classes (of theY ' N
Figure 5. Criteria-Estimator-Solution model. ocf-e Several sources can degcision criterion) —
. evaluate the same N “ -
Criteria critjrion T g g | “ J
(identification, P - (HD1:{HD,){HD5; (HD.) ) | Erna e
DST) [21], Dezert-Smarandach@ SmT) theory has pro-  hierarchyand Elements HD; HD, HD; HD.
( ) [ ]' }“( ) y P weighting) ~Database | of the frame of discernment|

posed new principles and advanced fusion rules to manzg.
conflict between sourced |[7], [22].
Uncertainty and imprecision in multi-criteria decision dao  Figure 6. Four dissociated steps of the? — M C'DA methodology.
els has been early considered |[2B].AUT in general [[28]
and AHP in particular have already been associated to ttExemple of a quantitative criterion Examples of evaluation classes
. . . N 1= =
Evidence Theory []3],[]4] including the cases of sever: = ; 12Nb. ol aenupaniasct
= - i ) ermanent winter
sources [[b]. A methodology callefiR— M C DA (Evidential """ occupants
Reasoning -Multi-Criteria Decision Analysis) mixing multi- e
criteria decision analysis and information fusion |[25]6]2  c11| Vulnerability Exa’””’e\f’fa qualitative criterion  TEEERE]

4<Nb. of occupants=<20

Nb. of occupants > 20 |

is proposed to help the experts in a context of imperfe ivi ilities/ | Collectivity
IS propo p the exp : \ Decision c11p | LiVing places/facilities/ | i
information. Its main principles are described in sectidfi | ,," Infrastructure I m
lIl. THE ER — MCDA METHODOLOGY sensitivity index Colectviy and rsscve |
i . . (Avalanche risk exposure) ["Industrial, collectivity and rescue (equipments) |
The principle of theER — MCDA methodology is t0 Decision R T
. . . .. . %(5°)=<slope=< 18%(10°
use the multi-criteria decision analysis framework to gpal  classes c121 Morphology| [is =<sisps <2r(5] < Examplos
the decision problem and to identify the criteria involved i (Eiopa=e i 5E) ’
d .. I f . d . c122 @‘ __[Frequency < 0.1 (10 years return period) |
ecision. Utility functions and aggregation steps are gesp  ¢12| Hazard ——— S ————

tively replaced by successive mapping and fusion process —
The main steps of this methodology consist in (figuké € crzs Nivo-climatology
(1) analyzing the decision problem through a hierarchical
structure, 2) defining the evaluation classes for decision Figure 7. A sample decision problem.
through a common frame of discernmerff) evaluating the
qualitative or quantitative criteria4] mapping the evaluations
of criteria into the common frame of discernment for deci- Sensitivity levels are the elements of the common frame
sion, () fusing the mapped evaluations of criteria to get af discernment for decision. The fusion process will previd
basic belief assignment related to the evaluations clastesbasic belief assignments on each or combination of the
decision (frame of discernment for decision). These steps &lements of this frame of discernment. In the classioall
independent one from each other. Therefore, imprecise dmemework based on exhaustive and exclusive hypotheses,
uncertain evaluations of quantitative or qualitativeesia can the frame® is composed of4 exclusive elements defined
be done by the sources (experts) and re-used with differéyt D; = 'No sensitivity’, HD; = ’Low sensitivity’,
mapping models. H D3 = Medium sensitivity’ andH D4 = "High sensitivity’.
A. Decision problem elicitation In the DSMT framework (allowing non-empty inter;ections),
' the frame © is composed of3 elements defined by
The methodology is described through a sample problemp, — °'No sensitivity’, HD, = 'Low sensitivity’ and
dealing with the sensitivity of an avalanche prone area (figr D, = 'High sensitivity’ (figure[8).
ure[7) derived from a real existing decision framework uged t
identify the sensitive avalanche pattis |[18]. For each achia ) o o
path, decision consists in choosing between sensitivitglge B- Evaluation of quantitative criteria
described as not, low, medium or high sensitive paths. ThisThe quantitative criterion are evaluated through possgibil
sensitivity depends on both vulnerability and hazard keveldistributions which allow to represent both imprecisiordan
Vulnerability is assessed through the number of winter pasncertainty. The source (an expert) provides evaluatiens a
manent occupants (quantitative criterion) and existirfgas intervals. Let us take as an example the criteri®n; cor-
tructures (qualitative criterion). responding to the number of permanent winter occupants:

| Medium snow height |

High snow height



Decision context : Sensitivity (exposure level) to snow avalanches risk

Dempster-Shafer theory (DST) Dezert-Smarandache theory (DSmT)
Shafer’s model © = {61,65,65,0,} | Hybrid DSm model O = {61,65,05}
— P 9 9 N ;
0, 0, 1 P .. 03
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\ o A N {NoS} ./ {LS} &{HS} y
/ . U ‘,( - N
sy / \ 3 4 \
— e o 5. A >
{Medium sensitivity} {High sensitivity} Medium sensitivity modeling
as a vague category
Bl )
DST {NoS} {LS} {HS} [ pSMT

Figure 8. Two frames of discernment according foST or DSmT
frameworks.

A represents the propositionc”e [8,15]". N(4) = 0.75

represents the certainty level (confidence) in the projoosit

Winter permanent occupants (C111) — Quantitative mapping model — DST
No sensitivity (NOS) Low sensitivity (LS) Medium sensitivity (MS) High sensitivity (HS)

HD, HD, aces: % s HD, [ Decision frame
§ T~ > | | 4
1 e | .
j | 3 Evaluation
0 4 20 24 Number of
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e / mass resulting from
61 i 120/ the possibility distribution

Source n°1 - Evaluation n°1

/
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~ N
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e— ey s [7 . f
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ot
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/
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Figure 11. Mapping is based on surface ratios.

C. Mapping models: a link from evaluation to decision
A mapping model is a set of fuzzy intervals— R linking

"z € [8,15]". N(A) can be viewed as a lowest probability for? criterion evaluation and the decision classes: it playsemo

A andII(A) as un upper probability fod (figure[9).

Possibility distribution : a set of consonant confidence intervals

Possibility
I A represents the proposition "z € [8,15]”
10 Lo 2
19 « Certainty » level .%
0.8 — 0.2 E
0.6d (A =1 . 04 o
(2}
0.4 " ~ 0.6 E
0.2 go5 X:numberof 08 2
0 winter occupants 1
T T T 7 I '
5 10 15 20 25 i
-Imprecision-| N
Necessity

N(A) < P(A) < II(A)

Figure 9. Using possibility distribution for imprecise teria evaluation.

Any interval of the possibility distribution can be trans-
formed into basic belief assignment (figluirel 10) according !

relations between possibility and belief function thesrif],

[2], [10].

Possibility distribution
mg(E1) = m(s1) —m(s2)

m(81) =1 fomermeeeceees B
m(s2) ,J:]_ E.
e ’ M (Ei1) = 7(si—1) — 7(s:)

m(si-1) w . E

( ) | } i—1
(s; -
{ | E;
- My (Epn) = 7(85) — 7(Sn41)
7(sn) ’ E,
(sp41) =0
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B = fo159000 8- 198iF  Ba = {81580 o5 By vse 58y

Figure 10. Possibility distribution for evaluation arertséormed into masses.

or less the same role than the utility function in a total
aggregation based multi-criteria decision method. Forheac
evaluation of a criterion by one source, each interval of the
possibility distribution {(; i.¢,)) is mapped to the common
frame of discernment of decision according to surface satio
(figures 11, [IPR). At the end of the mapping process, all the
criteria evaluations provided by each source are transfdrim
basic belief assignments (bba’s) according the commondram
of discernment of decision: these bba’s are then fused in a
two-step process.

Winter permanent occupants (C111) LS ™
Quantitative mapping model - DST """‘-‘5'3‘7(5 2)
No sensitivity (NOS)  Low sensitivity (LS) /' Medium sensitivity (MS) High sensitivity (HS)
. HD,

Hp,"™1 HD, /  HDj ,

S

/

Number of
occupants

TO 4
i Nelessgiy. Mapped masses
‘ (1) 61
P — Ld
Source n°1 NoS LS MS HS
Int. | Code | msi, e (HD1) | M1y e (HD2) | Mt 1 (HD3) | M1, 10, (HD1)
) T [1(s1) 0 0375 b 0.125 0
o— i
T 2 12 0 0.1429 0.1071 0
— 3 13 0 0.1071 0.1429 0
[ 0.625 0.375

Figure 12. Results of mapping of the evaluation of sourte for criterion
Ci11.

D. Two steps of fusion

After the mapping step, th&¢R — MCDA process is
based on two successive fusion levels (figuré 13). The first
step consists in the fusion of bba’s corresponding, for each
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criterion, to the different evaluations provided by diéfat g\?\e'fug"iffmﬁ!% g

Importance weights derived into discounting factors
(Second level of fusion of criteria)

sources. AHP model
The result of fusion is :

=){__] C1 - Decision criterion

0.32

Second fusion level |  First fusion level Evaluation il
® | with criteria (considered as sources)
fusion of criteria fusion of the criteria . N N [7] €111 - permanent winter occupants
of the hierarchical | évaluations resulting Reliability discounting [l G112 - Livng placesiinfrastructures
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ﬂaﬂ{r\ i
A criterion '[ = o e ) . . . . . .
considered as qualitative Bel quantitative x Figure 15. Importance discounting factors resulting fraerdrchical multi-
process Qs a source Criterion evaluation criteria model.
Figure 13. The fusion levels of the R — M C D A process. - -
g P ER— MCDA methodology produces a comparative decision

Reliability of each source is assessed using the classigéé)ﬁle in which decision classes (elements of the frame of
. . . cernment) can be compared one to each other Uusifig
discounting factor d:) _proposeq |n.theDST or D,SZ”T or DSmT to fit in the best possible way to their nature
frameworks. Then, fusion of this discounted bba'’s is do qure[To)
using different fusion rules. Th€ C R6 rule [6], [7], [15] is '
recommended to prevent abe_rra_nt de_cisions in case of hig'ty'c . pecision 4y EC112-Infrastructures [ C122- History
conflicting evaluations of a criterion (figukel14). [ C111 - Winter occupants Bl C121 - Morphology ™| €123 — Snow-climatology

AllDiscounted Criteria - Fusion procsss n* 1- Bba Al Discounted Ciiteria - Fusion procsss n* 3- Bba
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0 0.625 0.375 | 0 0 ﬁ 30 — K] ' redistribution rule
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my | 0.7 0 0 0 0.621 0079 | 03 Q do L (NoS} {L§} {HS) ™ DSmT
Fusion process nw° 1 - Dempster-Shafer (normalized) rule 2 7 i : 2= -
M) =M @mp [ 0 [0 [0.1223 [ 0.6306 0.0514 [ 0.1957 NoS LS HS < Elements of the frame of discernment (DSmT)
Fusion process n° 2 - Smets’ rule
M,y =my @my [ 02335 T 0 [70.0937 0.4834 0.0394 | 0.15
Fusion process n° 3 - PCRG rule Figure 16. Comparison of fusion rules.
M(cyy,) =M &mh [0 [0 [ 0.1784 0.6229 0.0487 [ 0.15

IV. CONCLUSION-DISCUSSION

The ER— M CDA methodology allows to make a decision
The second step consists in the fusion of the bba’s corfgased on multiple and more or less important criteria on kwvhic

sponding to each criterion and resulting from the first step more or less reliable sources provide imperfect and uriocerta

fusion (figurd_IB). In this second step, each criterion issibn evaluations. A simplified decision sorting problem basedion

ered as a source which is discounted according its impagtarsmow-avalanche risk management problem shows how the use

in the decision process as proposed by [3] (fidude 15).  of multi-criteria decision analysis principles and infation
Results of fusion have to be interpreted to decide whidhsion can be used to characterize and take informationtgual

is the sensitivity level that will be chosevpS, LS, MS or imperfection into account for decision purposes. In rdga

or HS) according either to the maximum of basic belief aswith its aggregation principles and possible "rank revissa

signments, credibility (pessimistic decision), plauldipi(op- AHP is as much critized than it is widely used[ [14].

timistic decision) or pignistic probability (compromiséllhe Anyway, it remains an easy understandable method that can be

Figure 14. Examples of fusion results.
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