The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLVIII-4/W17-2025
GeoAdvances 2025 — 10th International Conference on Geolnformation Advances, 29-30 May 2025, Marrakech, Morocco

A framework for risk assessment during natural hazard based on the Choquet integral and
MACBETH

Léia Savary 2, Eve-Shera Buron 3, Valisoa Bujard , Pierre Pouzet 4, Thierry Le Pors !, Mohamed Maanan ?

1 Knowledge Learning and Information Modelling (KLaIM), L@bisen - Laboratoire ISEN, Yncrea Ouest, Nantes, France
2UMR LETG-CNRS - Littoral, Environnement, Télédétection, Géomatique, Nantes, France
3 Vérification pour I'Environnement et le LOgiciel (VELO), UMR CNRS 6004 LS2N — Nantes, France
4 Laboratoire de Planétologie et Géosciences, UMR CNRS 6112 LPG — Angers, France

Abstract

Risk assessment in the face of natural disasters is an increasingly critical issue with climate change. Evaluating risk involves two
distinct assessments: first, the probability of the disaster occurring, and second, the potential stakes or impacts of such an event.
These impacts are generally categorized along several dimensions, notably human factors and infrastructure concerns. However,
even when focusing solely on human stakes, characterizing risk —particularly in terms of the potential to prevent casualties— is
complex. The most common approach to this problem relies on a weighted sum, which assigns specific weights to each criterion.
This method effectively establishes the relative importance of one criterion over another and has the advantage of being linear.
However, it also presents certain limitations. In particular, its linearity prevents it from capturing interactions between criteria, such
as veto effects. In this paper, we propose a risk mapping method that utilizes an alternative aggregation function. Specifically, we
rely on the Choquet integral, which allows for the modeling of interactions between criteria, whether in terms of complementarity
or substitutability, while maintaining desirable properties such as monotonicity.We evaluate our approach by applying it to the
challenge addressed in the MOGEC project: coastal flooding projections under IPCC’s RCP 8.5 scenario in the Pays-de-la-Loire
region, following a storm of similar magnitude to Xynthia. For this assessment, we rely on the expertise of emergency response
teams, for whom risk mapping is a key concern. Specifically, we demonstrate the advantages and limitations of our approach in the

municipality of Batz-sur-Mer within this projected scenario.
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This research is part of a doctoral program in geography, geo-
matics, and computer science, which began in October 2023. It
has been elaborated based on interviews with SDIS 44 (Depart-
mental Fire and Rescue Service).

1. Introduction

Mapping the risk is a major issue for first responders and de-
cision makers. For first responders, it allows to determine which
are the places they are willing to visit first when they need to
respond to a natural disaster. For decision makers, it helps de-
termining what are the changes they can make to urban planning
in order to reduce the exposition of their territory to natural haz-
ards.

Assessing risks presents several challenges. First, it is neces-
sary to find ways to objectively analyze the situation through
measurable indicators (e.g. ease to access the victims for first
responders, presence of a safe zone or not, vulnerability of the
population). This includes not only defining these indicators
but also evaluating their consequences. One possible approach
would be to create separate maps for each dimension of risk.
However, this would result in a large number of maps, mak-
ing interpretation difficult. Decision-makers would then need
to synthesize these maps to identify the most at-risk areas and
prioritize interventions accordingly.

One of the most classical ways to deal with risk mapping is to
rely on the characteristics of the territory (altitude, buildings,
roads. . . ) and to assign a coefficient to each of them, represent-
ing the criticality of the characteristic. The map of the territory
is transformed into a grid, with each of the cells being assigned
a value for each of the characteristics. The risk is then com-
puted through a weighted sum of a score on the characteristics,
and assigned to each of the cells.

This approach presents some limitations. Some situation can-
not be represented by weighted sums, as it is the case for veto
situations —situations in which a low score in one of the criteria
causes an overall low score, but high score does not necessar-
ily implies an overall high score— but also more generally in
cases of interaction criteria, whether they are complementary —
fulfilling one criterion without another one is helpless— or sub-
stitutability —cases where any of a set of criteria being fulfilled
is enough to get an overall good score. In order to overcome
these limitations, it is possible to look at different aggregation
functions.

A whole domain has focused on how to represent the pref-
erences of a human decision maker, in particular when there
are multiple criteria to take into account. This domain is Mul-
tiple Criteria Decision Aid (MCDA). In this article, we propose
to rely on a MCDA approach to map the risks on a territory.
More specifically, we rely on 2-additive Choquet integral, an
approach that has been broadly and successfully applied to nu-
merous situations (Grabisch and Labreuche, 2010). Determin-
ing the parameters —in our case the capacities (see definition 1)—
of the model can be complicated for the decision maker. In or-
der to help them provide their preference, we rely on an exten-
sion of the MACBETH method (Bana e Costa et al., 2016).

In order to test our method, we tested it in a case of submersion
with first responders in France: the SDIS 44. We show how our
method helps determine the preferences of the decision maker
and how it can be applied in projections under IPCC’s RCP 8.5
scenario in the Pays-de-la-Loire region, following a storm of
similar magnitude to Xynthia to the city of Batz-sur-mer, one
of the cities of interest of the MOGEC project.Finally, we draw
some conclusions from our work and call the development of
a tool directly accessible for geographers allowing them to use
this method in other contexts.

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLVIII-4-W17-2025-285-2026 | © Author(s) 2026. CC BY 4.0 License. 285



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLVIII-4/W17-2025
GeoAdvances 2025 — 10th International Conference on Geolnformation Advances, 29-30 May 2025, Marrakech, Morocco

2. Related works

In cartography, it is common to develop reasoning by analyzing
the interactions between multiple parameters. This study aims
to highlight the intersections between various issues that may be
affected during a marine submersion crisis (i.e., coastal flood-
ing due to sea incursions), with a focus on identifying priority
intervention areas.

Numerous methods already exist for analyzing a given territ-
ory, often through the early identification of vulnerable zones.
The 2010 Xynthia storm in France led to widespread awareness
and necessitated the implementation of new risk management
strategies. For instance, (Creach, 2017) developed a method-
ology to identify sensitive buildings and infrastructure in crisis
scenarios, thereby allowing the designation of priority interven-
tion sectors and reducing the vulnerability of exposed assets.
The V.L.E index is based on several criteria, such as proxim-
ity to refuge zones or potential water depth, and results in an
intrinsic vulnerability score ranging from A to D. This tool is
calculated using a weighted aggregation method.

Several researchers have applied similar mathematical frame-
works to adapt land-use planning to specific needs. For ex-
ample, (Pre’vil et al., 2003) propose a comparable approach that
considers local parameters to assign different weights, integ-
rating all relevant domains (e.g., land use, environment). This
approach, referred to as SIG-AMCD, involves the construc-
tion of multiple scenarios evaluated against different criteria.
Similarly, (Rufat, 2007) presents a methodology for mapping
urban risks through the definition of vulnerability indicators,
automatic classification of vulnerability levels, and their car-
tographic application. (Arnaud et al., 2023) adopt a similar
strategy for assessing coastal erosion, involving variable selec-
tion, data collection, risk component calculation, and weighted
aggregation to produce final maps. (Bengoufa et al., 2021)
also follow a related methodology, using five physical and
socio-economic variables, subsequently weighted and mapped.
(Lagadec et al., 2018) offer a multi-criteria analysis for runoff
risk management and railway infrastructure. Their approach,
while distinct, relies on statistical indicators such as the chi-
squared test, the definition of three hazard criteria, and the
IRIP mapping method (Dehotin and Breil, 2011). Vulnerabil-
ity criteria are then defined and cross-analyzed with hazard data
through specific statistical computations tailored to the theme.

While these methodologies ensure strong replicability and in-
terpretability of results, they often fail to account for interac-
tions between criteria, since each criterion is assessed independ-
ently of potential coupling effects. To our knowledge, few stud-
ies have explored such interactions. Nevertheless, some works
have employed the Choquet integral (Grabisch and Labreuche,
2010) in risk assessment frameworks. For example, (He and
Weng, 2021) use the Choquet integral combined with linear re-
gression to assess coupling risks in chemical hazards. However,
their approach mainly targets multi-hazard scenarios and not
the analysis of multi-dimensional interactions. Moreover, their
analysis relies on historical disaster data to model coupling ef-
fects via regression, thus limiting its applicability to contexts
where such data are available. (Sun et al., 2022) uses a similar
approach, using the Choquet integral to process historical data
on the Yangtze river and compute redundancy and interaction
within data. (Moradi et al., 2017) utilize the Choquet integral to
identify interactions among physical, social, and systemic cri-
teria, gathering input from around fifty experts and relying on

the definition of Shapley indices and interaction indices. While
precise, their method requires a large number of expert opin-
ions, making it less easily replicable and often less sensitive to
local specificities.

In this study, we propose a novel methodology based on the
Choquet integral, incorporating local expert input through an
extension of the MACBETH method (Bana e Costa and Vans-
nick, 1999) to elicit and formalize expert preferences. Fol-
lowing the logic of (Moradi et al., 2017), we rely on existing
cartographic layers and professional expertise to construct a
risk map. However, by engaging with a local expert author-
ity—in this case, SDIS 44 (the fire and rescue service of Loire-
Atlantique)—our approach achieves both higher replicability
and greater contextual relevance.

3. Assessing risk with Choquet integral and MACBETH

In this section, we present our novel tool for risk mapping based
on 2-additive Choquet integral and MACBETH approach. We
fist introduce the Choquet integral and its 2-additive variant. We
then present MACBETH and how it can be used for the elicita-
tion of the capacities of the 2-additive Choquet integral. Finally,
we present how this approach can be used for risk mapping

3.1 Choquet integral

3.1.1 Choquet integral for MCDA First, let us set the
problem. We have N criteria, in our case, it could be the ac-
cessibility of the zone, the criticality of the assets and the sub-
mersion likelihood (linked to the altitude of the location being
considered) We therefore have N = 3, submersion likelihood
being associated to 1, asset criticality to 2 and accessibility to
3. For the moment, we suppose that all these criteria are set
between 0 and 1. We will see later on in this article how to get
them. Before defining the Choquet integral, we need to define
capacities:

Definition 1 (Capacity). We call capacity a function p : 2V —
[0, 1] such that: u(J) =0, u(N)=1and V (4, B) € 2N x
2N A € B == u(A) < u(B)(monotony)

The capacity can be defined as a kind of satisfaction function: if
no criteria are fulfilled, the function equals 0, if all of them are
fulfilled, the function equals 1, and for any set of criteria, ful-
filling additional criteria while keeping every already fulfilled
criteria still fulfilled improves the satisfaction.

Using a capacity, it is possible to define something that is not
possible with a weighted sum. Let us take the aforementioned
example. Suppose you want to represent the following situ-
ation: if the likelihood of submersion is null, then the utility
is 1, whatever the accessibility and the buildings, but if it is
not the case, the utility would be 0.4 for low-priority assets and
perfect accessibility, 0.3 for low-priority assets and bad access-
ibility and 0.1 pour high-priority assets and perfect accessibil-
ity. It is not possible to represent this situation with a weighted
sum. The first statement implies that the coefficient associated
with the likelihood of submersion, while the other ones im-
plies non-zero coefficients for other criteria. Representing the
situation with a capacity, we get: u(1,0,0) = p(1,1,1) =
1, u(0,1,1) = 0.4, u0,1,0 = 0.3, p0,01) = 0.1,
u(0,0,0) =0.

A capacity defines a satisfaction or utility level when the criteria
are either fulfilled or not at all. Now, we would like to find a
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function that can be applied to fuzzy variables representing cri-
teria that are neither totally fulfilled nor not fulfilled at all, and
we would like this function to correspond to the capacity where
the latter is defined. This function is the Choquet integral. To
define the Choquet integral, we therefore need to define a set of
variables in [0, 1] representing to which extent the criteria are
fulfilled. We note these variables f; € [0, 1]V. In our example,
f1 corresponds to the likelihood of submersion, f, the critical-
ity of the assets in the cell, and f5 its accessibility. We can now

define the Choquet integral.

Definition 2 (Choquet integral). Letf € [0, 1]N and u : 2NV —
[0, 1] a capacity over N

Let order the values of £ in descending order, and define o the
corresponding permutation function: fo1) = foe) = + + + =
fovy. We also note fo(o) = 0

The Choquet integral of f w.r.tu C, : [0, 1]V — [0, 1] can be
defined as:

{fo)y @

N
Cu(f) = Jotiy — foti-1) " M

=1 k=1

Defining the Choquet integral is therefore totally determined by
the corresponding capacity. In multi-criteria decision aid, the
goal is for a decision maker (DM) to determine the parameters
of a function representing their preferences. In our example, the
goal would therefore be for the DM to determine the capacity.
The main issue is that, beyond the method to do so (that we will
describe lower), the number of coefficients to elicit is 2V. When
there are only 3 criteria, we only get 8 coefficients to determine,
but with more criteria, this number becomes incalculable. To
avoid this issue, we restrain to the 2-additive Choquet integral.

3.1.2 2-additive Choquet integral and trees 2-additive
Choquet integral is a specific form of Choquet integral. While
Choquet integral can be thought of as a weighted sum of the
value of criteria and the value of their interaction, 2-additive
Choquet integral defines any interaction between 3 criteria or
more as null, reducing significantly the number of coefficients
to determine.

To define more properly the -additive Choquet integral, we first
need to define the interaction indexes.

Definition 3 (Interaction index). Interaction among a set of cri-
teria A can be defined as:
= (N — |kl = |ADK]!

N — |A 1!
Ke2N\A ( | |+ ) (2)

s —
l'ay =

(—1)IAI-Eu(K U L)
Le2A

In order to better understand the interaction indexes and be-
cause it is of interest for the rest of our study, we apply this
definition to |A| = 2 and we define interaction index between i
and j and we write /;; the following index:

= (= Al = 2)A[!

=
v (n— 1)!

Ae2N\1ij}
A Ui — A U{i}) — A u{} + uA)
€))

The 2-additive Choquet integral is defined by additional con-
straints on the capacity:

vae 2V, |Al>2 == I4=0 @

This relation means that there is no direct interaction among
a set of criteria besides pairs of criteria. In the definition of
the capacity, it also means that it is possible to determine the
values of p(A)ja;>2 using the eq. (4). While this constraint
reduces the possible functions, it also decreases the number of
coefficients to 2:(+l) — 1 which is much more manageable for
decision makers. In our example, it means, for example, that
there is no direct interaction between submersion likelihood,
criticality of assets and accessibility all at once. Interaction
still may exist between submersion likelihood and criticality
of assets, between submersion likelihood and accessibility or
between criticality of assets ans accessibility.

YRSV it iy haphERSHAE IR DAY PR HPRER dFfeCy

interact with each other. In our case the criticality of the assets
is actually defined both by the kind of asset and the height of
the last floor, which defines if a person can seek refuge at that
floor. And the accessibility is actually defined by the width of
the roads and their type. While overall, the interaction between
accessibility and criticality of assets makes sense, it is not the
case for the interaction between the type of road and the height
of the last floor of the buildings. To deal with these two issues,
it is possible, as in MYRIAD (Labreuche and Le Hue'de”, 2005)
to build a tree that will define intermediary criteria, which are
aggregations of lower-level criteria, and which can be aggreg-
ated themselves. The resulting tree of the aforementioned case
is represented on fig. 1. On this figure, we can see that the road
width and road type are aggregated through a Choquet integral;
similarly, the asset type and last floor height are aggregated into
a higher-degree criterion: asset criticality. Finally, the overall
utility is an aggregation of accessibility, submersion likelihood
and asset criticality. The only remaining step is the definition
of the criteria (in blue) from the metrics (in pink).

Utility
Accessibi- Submersion Asset
lity likelihood criticality
/ \ / \
Road . Last floor
width Road type altitude Asset type height
last fl
road width road type ERRSE B7Ee aﬁeigﬁ? '

Figure 1. Decision tree: the metrics gotten from the data are in
pink, the criteria are in blue, and the aggregations are in orange

We consider two cases: the quantitative metrics, and the qualit-
ative ones. For the quantitative metrics, the transformation into
a criterion is performed by a piecewise-linear function. This
function goes from the set of possible values for the quantit-
ative value to [0, 1]. For qualitative metrics —including ordinal
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and categorical ones— each of the values is associated to a value
in [0, 1].

The evaluation process can be retrieved from fig. 1: the road
width, road type, altitude, asset type and last floor height is ob-
tained from data. Each of them is transformed in a value in
[0, 1] by a function. then, Road width and Road type are ag-
gregated by a Choquet integral, and the Asset type and last floor
height also. Then the resulting values, both in [0, 1] are aggreg-
ated with the Submersion likelihood into a value in [0, 1]. In
the following subsection, we see both how the values of the
coefficients of the Choquet integral are computed, and how the

criteria are computed from the metrics using the MACBETH
method.

3.2 MACBETH

The MACBETH method, defined in (Bana e Costa and Vans-
nick, 1999, Bana e Costa et al., 2016) is a method used to de-
termine the preference levels of a decision maker. In this sec-
tion, we discuss this method and see how it can be applied to the
computation of criteria from metrics and the Choquet integral.

321 The MACBETH method The MACBETH method
has initially been designed to define the preferences among a
set of alternatives. This use case corresponds perfectly to the
computation of a criterion from a qualitative metric. Let us take
the asset type, and call it A = {ay, ... aja)} be this set —in
our case, retrieved from the IGN data: residential, commercial,
industrial, sportive, agricultural, religious, annex, undifferenti-
ated and |A| = 8.

A possible approach would be to directly ask to the utility of
each of the alternatives to the DM, but this is actually very hard,
in particular when there are multiple alternatives. MACBETH
proposes an alternative by letting the DM propose comparisons
between the alternatives. In order to represent different levels
of preference of the DM, they are proposed to define their level
of preference. The next question is: which is the number of
level of preferences proposed to the DM? The goal is for the
DM to be able to differentiate between two levels of preferences
—consequently there should not be too many levels— but also
to express fully their preferences —consequently, there should
be enough levels. MACBETH proposes 6 levels of preference,
plus an indifference level. The corresponding labels are: very
weak, weak, moderate, strong, very strong and extreme.

A remaining issue is the uncertainty of the DM. They may not
be sure of the preference between two alternatives, as these
alternatives may cover subcategories, or their preference may
vary depending on the context. To deal with this issue, the
DM is proposed to express their preferences as a set of possible
preferences: for instance, a DM may say that they prefer that
an agricultural asset be the object of a submersion rather than
a residential asset with a preference varying from moderate to
very strong.

In order to represent the preferences of the DM, we use 7 binary
relations Co, Cy, . . ., Ce. Let (a, 8) € A2 be two alternatives.
Then (a, 8) € Co means that the DM is indifferent to a and
B8 while Vk € J1, 6), (o, 8) € Cx means that k is one of the
possible preference levels for the DM between « and 8. If we
call « the residential assets and 8 the agricultural assets, we can
therefore write (a, 8) € C3 U C4 U Cs.

The goal of the MACBETH method is to allocate a value func-
tion v to the alternatives. By convention, it is considered that

the least desirable alternative a- gets a utility of 0: v(a-) = 0.
We also call o the most desirable item. To find the values
of the alternatives (other than «-) we use a soler to solve the
following linear problem:

min v(a*) — v(a-) such that (5)

(1) v(ax) =0
(2) V(a, 8) € Co, v(a) = v(6)
. (3) Vi(bub)e]1,6)2:ub=1Ib
ub

(a, 8) €
Ck=lb
_(4) V(b Ib,ub,ub)€]J1,6)*:

ub > Ibub = 1Ib,Ib>ub),
ub w
Ck (a,8) € - cCr
k=Ib K=l
== v(a) — v(B8) = v(a') — v(B')+Ib — ub’

Cr == v(a) —v(8) = Ib

(a, B) €

The condition (3) states that if an alternative « is preferred with
a level of at least /b to another one 8, then the difference v(a) —
v(8) should be at least /b. The condition 4 states that if « is
preferred to 8 with a level of at least /b and ' is preferred to
Ib with a level of at most ub’ < Ib then, the difference between
v(a) — v(B) and v(a') — v(68') should be at least /b — ub’ to
represent the difference between the preference level between
on the one hand « and 8 and on the other o’ and 6'.

Once the value function is computed, the values are normalized
between 0 and 1, by dividing all of them by v(a*)

3.2.2 Using MACBETH to compute criteria from quantit-
ative metrics The extension to quantitative metrics is pretty
easy. The DM defines several intermediate values that will be
used as alternatives. The quantitative values are then ordered
either in ascending or descending values, and then a linear in-
terpolation defines the values for all values between consecutive
values.

3.23 MACBETH for Choquet integral This method is
based on (Labreuche and Grabisch, 2003). As explained in
section 3.1.2, determining the 2-additive Choquet integral only
requires to determine the value of m(z+l) — 1 coefficients:

u({iY)i=v and u({i, j})i<j=<~v. We therefore ask the DM to
compare situations where one or two criteria are totally fulfilled.

In order to make it easier for the DM to express their prefer-
ences, we also transcribe these situation in a more realistic con-
text. We also add constraints on the problem regarding the capa-
cities (monotonicity constraints, V (i, j) € J1, N)2, u{{i,j}) =
u({i}), and bounds) and constraints on the 2-additivity com-
puted using (Mayag et al., 2008).

3.3 Risk mapping

Our approach is organized as follows. First, the Choquet integ-
ral tree is built with the decision maker. We first build gather
the data we have, that will be used as the metrics of the Choquet
integral. The DM are then consulted to know which of the data
is relevant to assess the risk of natural hazard on the location.
Then, using MACBETH, the criteria coefficients and Choquet
integrals capacities are calculated. The map of the studied area
is then divided into a grid. For each cell of the grid, we extract
the relevant metrics in order to compute the Choquet integral.
The overall process of the computation is described on fig. 2.
The process produces a new file that can be interpreted by a
GIS tool.
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Figure 2. representation of the overall process of our risk
mapping module: based on the data we have, we extract each
metric for each cell. Based on the preferences expressed by the
DM, the Choquet integral is calculated for each cell, and stored
in a new shape file.

4. Flood risk assessment in Batz-sur-mer
4.1 Setup

Our approach has been tested on the city of Batz-sur-mer, in
Loire Atlantique, France, and is related to the MOGEC project
(Savary et al., 2024). This site has been chosen due to its spe-
cific features. The city is near salt marshes in its North, which
have a relatively low topography (between 0 and 5 m). The
rocky coastlines to the south act as natural barriers, providing
a protective function for the area against marine submersion.
54% of the municipality lies within a submersion-prone area.
The municipality also has very different assets, including two
schools. The population variation is also a challenge for the de-
cision makers. While the population is 2,823 the population can
rise to 18,000 during the peak summer season, making it hard
to determine the importance of assets. The risk of submersion
is pretty high, with 500 residential buildings and 11 business
buildings being vulnerable to flooding as they are located in
low-lying coastal areas.

4.2 Decision makers interviews

In order to evaluate our approach, we relied on the emergency
services of the department, the SDIS 44. We planned sev-
eral meetings with them, and got the expertise from Cdt David
Regnouf. We wen through the MACBETH process with him.
We first worked on the tree, and got to the tree represented in
fig. 1. We have 5 different kinds of metrics: three of them are
quantitative: altitude, road width, and last floor height. We have
two qualitative metrics: the building type, already presented
above, and the road type, with seven different values.

We then asked him his preferences for each of the criteria and
for each aggregation. We got the preferences of the DM directly
during a meeting for most of the metrics. However, for time
reasons, we sent several questions afterwards, asking him to fill
some of the values of the overall aggregation, and also to order
and express preference levels for the asset types.

4.3 Computation

The code for our study can be found on https:/gitlab.univ-
nantes.fr/buron-c-1/lear. The code is written in python, with
the use of the pyshp library (Lawhead and Bahgat, 2022).

The metrics are retrieved using the IGN database. We made
several choices during the implementation: first, regarding the
scale, we chose to use a multiple-scale cartography. The reason
is that there are wide areas with few differences in Batz-sur-
mer, in particular in places where there are salt marshes. The
cells are 50 meters wide in areas without large roads, and 25
meters wide near roads and buildings. We faced another dif-
ficulty. Even in dense area with cells of 25 meters, we still
have multiple assets of various types, and various roads of vari-
ous size. We decided to keep the larger roads, considering that
regarding the width of our cells, any road would let the emer-
gency services get to any person within the cell. For the build-
ing, we chose the most critical one (according to the emergency
services) and the corresponding last floor height. Finally, con-
sidering that people could go up to take refuge, we decided to
keep the highest altitude of each cell. We used QGis to handle
the data.

Once the data is retrieved, the answers of the Cdt Regnouf were
processed through the MACBETH process presented in the sec-
tion 3.2. For linear programming, we rely on the scipy library,
and the HiGHS solver (Galabova, 2023). The resulting values
are stored in a new shapefile using the pyshp library. The res-
ulting file can be opened with QGis.

5. Results

The result of our approach can be seen on fig. 3. The first not-
able observation is that the overall utility values are relatively
high. This can be attributed to the urban layout of Batz-sur-
Mer, where the majority of critical assets are situated on elev-
ated sections of the town, including hamlets located away from
the town center (represented by cells with smaller areas). Simil-
arly, these cells often include relatively wide roads, with one or
two lanes, which facilitate evacuation. As a result, the criteria
tend to balance each other out, because of the substitutability of
altitude and asset criticality —high submersion likelihood with
low priority assets or low submersion likelihood with high pri-
ority assets being considered not too critical.

Nevertheless, residential and commercial districts —particularly
in the southwest— exhibit lower utility values, ranging between
0.6 and 0.7, which are not offset by the number of building
stories in these areas. This effect is especially visible when
examining the zones situated between inhabited areas. These
zones are at the same elevation as residential zones but demon-
strate significantly higher utility values, even higher than those
of the salt marshes (with utility scores between 0.73 and 0.77).
Although the asset presence in the marshes is minimal, the as-
sociated likelihood remains higher due to the lower elevation
compared to the intermediary zones. That said, there are areas
containing assets with very high utility values, though these as-
sets themselves are not considered highly critical.

The influence of the road network is also evident: major roads
tend to exhibit slightly higher utility values than the surround-
ing cells. However, roads in isolation have limited impact,
which explains the modest magnitude of these differences.

Low utility values (below 0.5) are observed in areas hosting sig-
nificant assets that are located in the lowest-lying zones. These
buildings mark both the topographical boundary between elev-
ated and lower-lying areas and the urban edge adjacent to the
salt marshes. Some critical buildings —particularly residential
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Figure 3. Computed vulnerability based on the Choquet integral. Lower score means higher vulnerability.

ones— are located in these zones, which accounts for their clas-
sification as critical.

Overall, the map effectively reflects the preferences of emer-
gency services. It highlights their prioritization of areas con-
taining critical assets that are also at risk due to low elevation.
The intersection of asset criticality and elevation —two criteria
whose interaction is characterized by a significant negative in-
teraction index (-0.36)— allows for the identification of high pri-
ority areas of intervention: critical assets situated in low-lying
areas. Critical assets in higher areas are considered less vul-
nerable but are still detected, as much as low-lying areas where
individuals may be rapidly endangered by rising waters.

6. Conclusion

In this article, we presented a new tool for assessing natural
disaster risks, based on the Choquet integral and an adaptation
of the MACBETH method tailored to this context. We demon-
strated how the Choquet integral enables the modeling of in-
teractions between criteria, thereby allowing for the represent-
ation of preferences that cannot be captured using a traditional
weighted sum. To facilitate the decision-maker’s ability to para-
meterize the model, we restricted the function to the 2-additive
Choquet integral.

We then introduced the MACBETH method and showed how it
can be applied to the elicitation of the decision-maker’s prefer-
ences —both for deriving criteria scores from measurable indic-
ators and for determining the parameters of the Choquet integ-
ral. Finally, we illustrated how these decision-support tools can
be effectively integrated into geographic mapping.

This methodology was applied to the case of submersion in
Batz-sur-Mer. We conducted interviews with the local emer-
gency services (SDIS 44) to elicit their preferences, which al-
lowed us to define a vulnerability factor incorporating all rel-
evant criteria. We then showed how the resulting map, thanks
to the non-linear properties of the Choquet integral, offers a

faithful representation of the emergency services’ prioritization
logic.

Our future work includes the development of a more intuit-
ive and user-friendly tool, enabling decision-makers to interact
with the system through a graphical user interface, even dur-
ing the preference elicitation phase. We also aim to incorporate
visual indicators of criterion importance (Shapley indices), as
well as the significance of interactions between criteria. Ad-
ditional explainability measures —such as those proposed by
(Labreuche and Fossier, 2018)— could further enhance the in-
terpretability of the model. Regarding the model, additional
criteria could be added to enrich it, like calculated time of sub-
mersion depending on the location of the assets.

Lastly, our current approach lacks a mechanism to account for
the presence of multiple buildings within a single spatial unit
(even within 25 meters wide cells). To address this, we propose
drawing on the work of (Labreuche et al., 2015), which offers
potential extensions suited to this challenge.
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