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Abstract. The most important responsibilities of the emergency management system are the selecting 
shelters’ location and ensuring the timely evacuation of victims from disaster-affected areas. Due to the 
lack of objective knowledge of disaster zone data, fuzziness in the models for the coverage, location, 
transportation, and routing problems is assumed. To assess the necessary parameters of the model, the 
knowledge and experience of branch experts is used. Given the aforementioned issues, fuzzy multi-
objective emergency shelters’ location and victims’ evacuation problem (FMOESLVEP) is considered in 
the disaster-affected areas with response to humanitarian relief logistics. The model objectives include: 1) 
maximizing the total selection reliability index of opened shelters; 2) minimizing total costs, including fixed 
costs for opening shelters, victim transportation costs, and service costs; 3) minimizing monotonous waiting 
time for total evacuation of victims, and 4) minimizing the number of open shelters. Objective functions 
(1) and (3) are novel, and their development and study are important problems of this work. FMOESLVEP 
models are created for the different input fuzzy information. The models take into account the interactions 
between decision-making attributes by aggregating the extended Choquet integral. © 2025 Bull. Natl. Acad. 
Sci. Georg. 

Keywords: humanitarian relief logistics, fuzzy muliti-objective optimization, fuzzy facility location 
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Humanitarian logistics plays an important role in facilitating disaster management processes by evacuating 
victims from affected areas to a safe place, as well as by planning, storing, and distributing humanitarian 
aid to assist victims at the right time, in the right place, and at the right price (Manopiniwes & Irohara, 
2014; Ozbay et al., 2019). Furthermore, humanitarian logistics involve selecting appropriate locations for 
aid facilities such as shelters, medical centers, distribution centers, warehouses, landfills, etc. For disaster 
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response, decision-making regarding the placement and distribution of shelters is more critical than 
decision-making regarding other facilities (Boonmee et al., 2016). In light of the aforementioned issues, we 
will consider a FMOESLVEP in the disaster-stricken zones with response to humanitarian relief logistics 
(Kacprzyk & Sirbiladze, 2022; Praneetpholkrang & Huynh, 2020; Sirbiladze, 2021; Sirbiladze et al., 2022). 
This study proposes a multi-objective optimization model that aims at: 1) maximizing the total selection 
reliability index of opened shelters; 2) minimizing total costs, including fixed costs for opening shelters, 
victim trans-portation costs, and service costs; 3) minimizing monotonuous expectation of total time for 
victims’ evacuation, and 4) minimizing the number of open shelters. Objective functions 1) and 3) are novel 
and their development and study issues are important tasks of this paper. The proposed complex fuzzy 
mathematical programming problem FMOESLVEP will be solved using the Epsilon Constraint technique 
(EC) (Mavrotas, 2009), Goal Programming (GP) (Kanoun et al., 2010), and Machine Learning Approach 
(ML) in this study framework.  

Our paper (Sirbiladze et al., 2024) provided the design of the FMOESLVEP models. These models’ 
formulations will be discussed in Section 2. Compliance of research methodology with research aims and 
objectives is presented in Section 3. The basic conclusions, obtained results, and future possible research 
directions are presented in Section 4. 

 
Model Formulation  

Model assumptions: 1) Information about road and other damage is visually received by the network 
dispatcher using drones, helicopters, or deep space vision technology. The dispatcher analyzes the 
information and determines the extent to which vehicles cannot move between affected areas and shelters, 
as well as other uncertainties. 2) The number of victims in each affected area is fixed and approximately 
evaluated by the networks’ dispatcher in the triangular fuzzy numbers (TFNs) (Dubois & Prade, 1988).  
3) The locations of all affected areas and candidate shelters are fixed. 4) The victims in each affected area 
are evacuated to the selected shelters as a single unit, and not permitted to be separately assigned to different 
shelters. 5) The vehicles (aerial and terrestrial) used in the evacuation process are homogeneous. 6) The 
victims in each affected area are evacuated to the selected shelters by the one type of vehicle ‒ aerial or 
terrestrial. 7) The velocity of a vehicle used in evacuation process is evaluated approximately. Traffic 
conditions are not considered. 

Model indices: I  is a set of affected areas; J is a set of candidate shelters; h  is an index to an aerial 
vehicle; g  is an index to a terrestrial vehicle; p  is an index to a vehicle, { , }p h g∈ . 

Model parameters: ijd is a distance between an affected area i  and the candidate shelter j ; jc  is a 

capacity of the candidate shelter j ; iv is a number of victims in the affected area i  evaluated in TFN; ju

is a fixed cost for opening the shelter j ; jδ  is a selection reliability index of the candidate shelter j
evaluated in fuzzy values; ijs  is the minimum acceptable distance between the affected area i  and the 
shelter j  evaluated in TFN; ijpπ  is a degree of impossibility of vehicle moving between an affected area 

i  and a shelter j , { , }p h g∈ ; pM  is a capacity of vehicle, { , }p h g∈ ; pN  is a number of vehicles for 

evacuation process, { , }p h g∈ ; pW is maximally allowed time for evacuating the victims from the affected 

area i  to the shelter j  evaluated in TFN, { , }p h g∈ ; pη  is a constant coefficient of expected transportation 
cost per kilometer per person per trip, { , }p h g∈ ; τ  is a daily wage per person for hiring staff to work in 
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the shelter; γ  is a ratio of the required staff per victim evaluated in TFN; T is a duration of the disaster 

occurrence evaluated in TFN; pV  is a velocity of the vehicle using in evacuation process evaluated in TFN, 
{ , }p h g∈ . 

Decision variables: 1jx = , if a candidate shelter j  is selected; otherwise, 0; 1ijpy = , if affected area i  is 
assigned to shelter j  by the transportation of type of vehicle { , }p h g∈ , otherwise, 0; ijz  is a number of 
victims in area i  that are assigned to shelter j . 

Objective functions.  

Objective 1.  
 1 j j

j J
Max Z xδ

∈

= ∑  .                                                        (1)  

The first objective function (1) attempts to maximize the total selection reliability index of open shelters 
required to thoroughly serve the victims (fuzzy objective function).  

Objective 2.  

 2
{ , }

.j j p ij i ijp ij
j J i I j J p h g i I j J

TMin Z u x d v y zτη
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                            (2) 

The second objective function (2) attempts to minimize the total fuzzy cost that incorporates three terms 
(fuzzy objective function). The first term is the fixed cost for opening the shelters, where ju  is determined 

based on the cost for installing first necessary utility infrastructure. The second term is the transportation 
cost regarding the distance and the number of victims that are evacuated from the affected area i  to the 
selected shelter j  (uncertain parameter, evaluated in the TFN). The third term is the service cost which is 

estimated as the number of required staff to work in shelters throughout a disaster (uncertain parameter, 
evaluated in the TFN).  

Objective 3.  
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The third objective function (3) seeks to minimize the monotonous expectation of total fuzzy time  
for evacuating victims based on the distance between the affected area to the shelter, the number of victims 
that are displaced, the number of vehicles, the capacity of vehicles, the vehicles’ speed during the disaster 
and impossibility levels of vehicle movement between affected areas and shelters (fuzzy objective 
function). In (3), dt is the Riemann integral’s differential, Pos  is the possibility distribution (Dubois  
& Prade, 1988) of impossibility degrees of vehicle movement between the affected areas and 
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The value of this objective function coincides with the Choquet finite integral (Choquet, 1954) with 
respect to the possibility measure Pos . 

Objective 4. 
 3 .j

j J
Min Z x

∈

= ∑                                                                    (4) 

The fourth objective function (4) aims to minimize the number of open shelters required to serve the 
victims thoroughly. 

Subject to  
 

{ , }
1, .ijp

j J p h g
y i I

∈ ∈

= ∀ ∈∑ ∑                                                            (5) 

Constraint (5) restricts that an affected area i  must be entirely assigned to only single shelter j  by the 

transportation only one type of vehicle (aerial or terrestrial). 
 , , ; { , }.ijp jy x i I j J p h g≤ ∀ ∈ ∈ ∈                                         (6) 

Constraint (6) stipulates that affected area i  must be assigned to only open shelters j . 

 , , ; { , }.ij ijp ijd y s i I j J p h g≥ ∀ ∈ ∈ ∈                                      (7)  

Constraint (7) requires that the distance between the affected area i  to the assigned shelter j  must be 
farther than the minimum acceptable distance ijs  (fuzzy constraint). 
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                                       (8) 

Constraint (8) limits the duration for evacuating victims from an affected area i  to a shelter j  to no 

longer than the maximum allowed time for evacuating W (fuzzy constraint). 

 , .ij j j
i I

z c x j J
∈

≤ ∀ ∈∑                                                      (9) 

Constraint (9) restricts the number of assigned victims within the capacity of shelter j . 

 {0,1}, .jx j J∈ ∀ ∈                                                   (10) 

Constraint (10) is a binary variable: jx  is 1 if a candidate shelter is selected for the opening; otherwise, 

it is 0. 
 {0,1}, , .ijz i I j J∈ ∀ ∈ ∈                                          (11) 

Constraint (11) is a binary variable: ijz  is the number of victims in area i  that are assigned to shelter j . 

The proposed model assumes that the parameters are known or have been evaluated by experts. In 
reality, many of these parameters are uncertain. Therefore, the model will be developed under uncertainty 
to bring it closer to real conditions. The model’s linearization and robust optimization approaches will be 
used in our future research to develop the work tasks.  

 
Compliance of Research Methodology with Research Aims and Objectives 

The task of this section is to develop a method for estimating the innovative object function (1) coefficients, 
shelters selection reliability indexes ‒ ,  .j j Jδ ∈  A multi-attribute decision-making approach for location 

selection problem for shelters (Shelter Sites (SSs)) under uncertainty and extreme environment is focused 
and a fuzzy approach to model decision-making parameters will be used. To decide on the location of SSs, 
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it is assumed that a set of candidate shelter sites already exists. This set is denoted by J , where SSs can be 
located. Let 1 2{ , ,..., }nS s s s=  be the set of all attributes (benefit or cost attributes, cost attributes are 
transformed into benefit ones), which define SSs selection. Let 1 2{ , ,..., }nW w w w=  be the weights of 
attributes, evaluated by the experts. For each emergency expert ke  from the group of experts 

1 2{ , ,..., }tE e e e= , let k
jir  be the rating (utility, degree of membership, etc.) of his evaluation for each 

candidate SS ,j j J∈ , with respect to each attribute , ( 1,..., )is i n= . For the expert ke  we construct binary 
relation { , ; 1,..., }k

k jiR r j J i n= ∈ =

 , elements of which will be represented in triangular fuzzy numbers 

(Dubois & Prade, 1988; Kacprzyk et al., 2019; Kacprzyk & Sirbiladze, 2022), triangular intuitionistic or 
Pythagorean or ( 1)q q ≥ -rung orthopair fuzzy values or triangular ( 1)q q ≥ -rung orthopair fuzzy values 
(Garg et al., 2021; Sirbiladze, 2020; Sirbiladze et al., 2019; Yager, 2016), or ( 1)q q ≥ -rung picture linguistic 

values (Sirbiladze, 2021). 
On orthopair fuzzy sets: Orthopair fuzzy sets are the fuzzy sets, in which the membership grades of an 

element x are pairs of values from the unit interval, { ( ), ( )}A x A x+ − , one of which indicates support for 

membership in the fuzzy set and the other support against membership. An important pragmatic implication 
of this, as noted by Yager (2016), is that this provides systems modelers more freedom, it is less restrictive, 
in the allowable membership grades. For q-rung orthopair fuzzy sets the constraining relationship between 
the support for and against membership is that ( ( )) ( ( )) 1q qA x A x+ −+ ≤  with 1.q ≥  Note that as the rung 

1q ≥  increases, the space of acceptable orthopairs increases, the more orthopairs satisfy the bounding 

constraint, and thus, the experts are given more freedom in expressing their belief about membership grade.  
Based on the work authors’ recent results on the decision-making aggregation operators for triangular, 

intuitionistic or q-rung orthopair fuzzy environments (Garg et al., 2021; Sirbiladze, 2016, 2020; Sirbiladze 
et al., 2021; Sirbiladze et al., 2019) our task in future will be to build fuzzy multi-attribute decision-making 
method for more general fuzzy arguments. The method for each candidate SS will aggregate presented 
objective and subjective data into scalar value – shelter site’s selection reliability index. New methodology 
will be constructed in our future tasks for triangular intuitionistic, Pythagorean or ( 1)q q ≥ -rung orthopair 
fuzzy values, ( 1)q q ≥ -rung picture linguistic values. Formally for triangular ( 1)q q ≥ -rung orthopair or 

fuzzy picture linguistic values this aggregation can be represented as: 

j 1( ,[ ] ,...,[ ] ) ,i t jAgregg W R R j Jδ = ∈   , 

where Agregg is some multi-attribute decision-making (MADM) fuzzy aggregation operator; jδ  is called 

a selection reliability index of the j-th SS. In general case, Agregg is an operator, defined on the concrete 
lattices Ψ̂  of above presented fuzzy values: 1 2

ˆ ˆ: ( , ,... ) : ( )n
nAgregg F r r r= Ψ ⇒ Ψ   , where , 1,...,ir i n=  are 

experts’ evaluations on the attributes set 1 2{ , ,..., }nS s s s=  for some candidate shelter site. To simplify our 
future representations only case of TFNs will be considered ‒ 0

ˆ +Ψ = Ψ . For real multi-criteria decision-

making problems such as fuzzy shelters’ location problem, there is a phenomenon ensuring that there exists 
some degree of inter-dependent or interactive characteristics and non-additivity between attributes 
(Kojadinovic, 2002). For a decision problem, subjective assessments by emergency managers always 
generate non-additivity. Thus, it is impossible to use linear and additive aggregations.  

On the optimal construction of the Agregg  operator for the definition of reliability indexe ‒ .δi  Our 

approach in mentioned tasks will be different from all and this means that we will use the second pole of 
representation of the expert information ‒ measure of the information uncertainty – using fuzzy measure 
with the first pole – imprecision of data (presented by fuzzy values). Sugeno (1974) introduced the 
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definition of a non-additive (fuzzy) measure that only requires monotonicity, instead of additivity. To the 
case of a finite referential we adapted the definition of a fuzzy measure as follows: 

Definition 1: Let 1 2{ , ,..., }nS s s s=  be a finite set and µ  be a set function [ ]:2 0,1Sµ → . µ  is said to be a 

fuzzy measure (FM) on S  if it satisfies: 

( ) ( ) ( )( ) 0; ( ) 1; ( ) , , .i S ii A B S if A B then A Bµ µ µ µ∅ = = ∀ ⊆ ⊆ ≤  

The possible orderings of the elements of S  are given by the permutations of a set with n  elements, 
which form the group nS . Now we consider a definition of associated probabilities (Sirbiladze, 2020) 
induced by a fuzzy measure on the group nS . 

Definition 2: The probability functions σλ  defined by 

( ) { }( ) ( ) { }( ) { }( )
( ) { }( ) { }( )

(1) (1) ( ) (1) ( ) (1) ( 1)

( ) (1) ( 1) (0)

,...., ,...., ,...., ,....,

1 ,...., , 0

i i i

n n

s s s s s s s

s s s s

σ σ σ σ σ σ σ σ σ

σ σ σ σ σ

λ µ λ µ µ

λ µ µ

−

−

= = −

= − ≡
 

for each ( ) ( ) ( )( )1 , 2 ,..., nn Sσ σ σ σ= ∈ , are called the associated probabilities and the set of all of them form 

the Associated Probability Class (APC) -{ }
nSσ σλ ∈ of a fuzzy measure .µ   

Fuzzy measure proved to be the most effective tool for modeling phenomena of interaction (Kacprzyk 
& Sirbiladze, 2022; Sirbiladze, 2020) and dealing with decision problems, in which the probability is rep- 
laced with the fuzzy measure. A finite Choquet integral is the most typical aggregation instrument which 
condenses interactions between the attributes into the scalar value for a possible decision-making alternati- 
ve. We will use extensions of Choquet integral for the definition of candidate shelter site selection reliability 
index for triangular ( 1)q q ≥ -rung orthopair fuzzy environments (Intuitionistic, Pythagorean and so on). 

Definition 3 (Choquet, 1954): Assume µ  is a fuzzy measure on the attributes set S  and we have a variable 

of expert evaluations 0:r S R+⇒  such that ( ) 0, 1, 2,...,i ir s r i n≡ ≥ = . Then the aggregation 

1 2 ( )
1

( , ,..., ) ,
n

n j i l
j

CI r r r rλ
=

= ∑  

{ }( ) { }( ) { }( )(1) ( ) (1) ( 1) (0),..., ,..., , 1,..., ; 0l i i l i i l is s s s l n sλ µ µ µ−= − = ≡ , 

is called the discrete Choquet integral (CI) with respect to the fuzzy measure g where in the proceeding ( )i ⋅  

is index function such that ( )i lr  is the l-th largest of the { } 1

n
i ir

=
. It is clear that 

1
1, 0.n

l ll
λ λ

=
= ≥∑  

Choquet integral’s type operators not only consider the importance of the elements or their ordered 
position, but also reflect the correlations or interactions among some combinations of attributes. Though 
many aggregation operators based on Choquet aggregation operator have been developed under 
intuitionistic fuzzy environment, there is still an issue that needs to be addressed: Choquet integral does not 
reflect the overall interactions among all combinations of attributes (Sirbiladze, 2016). It seems from the 
definition that CI operator reflects the overall interaction only among the elements’ combinations of the 
consonant structure of attributes:  

(1) (1) (2) (1) ( ){ }, { , }, ... ,{ ,..., } .i i i i i ns s s s s  

Hence, the work authors’ goal in their last works was to create new aggregation operators based on the 
probability presentations of a fuzzy measure (Associated Probability Class (APC)) for triangular and 
intuitionistic fuzzy environments. The developed operators take into account the overall interactions among all 
combinations of the factors (attributes). Correctness of the extensions of the finite Choquet integral were proved 
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for the fuzzy measure ‒ capacity of order two (Sirbiladze, 2020). In the future tasks, this approach for triangular 
( 1)q q ≥ -rung orthopair fuzzy and picture environments will be developed (Sirbiladze, 2020, 2021). 

Investigation of Choquet type aggregation operators for generalized orthopair fuzzy arguments will give the 
opportunity to define candidate shelter site selection reliability index in the FMOESLVEP. It is giving us more 
convincing aggregation tool, both to evaluate parameters and construct new objective functions in the 
FMOESLVEP for selection of SSs. As the fuzzy measure, k-order additive fuzzy measure theory will be used 
(Kojadinovic, 2002) in decision-making aggregation operators under different fuzzy environments. The authors 
of this project (Sirbiladze, 2020) demonstrated the linear connection between two-order additive fuzzy 
measure’s values, attributes interaction indexes and Shapley values:  

( )

(1) ( ) ( ) ( )
1 1

({ ,..., }) (1/ 2) , { (1),..., ( )} , 1,..., ,
i

i i

i l i l n
l k N l

s s I I n S i n
σ

σ σ σ σµ σ σ σ
= ∈ =

= − ⋅ ∀ = ∈ =∑ ∑ ∑    

where ( )iNσ  denotes an index subset { } { }( ) 1, , \ (1), , ( )iN n nσ σ σ=  
, ( )lI σ  is the Shapley value of an 

attribute is S∈  and ( )i lIσ is the interaction index of two attributes ,i js s S∈  ( nS is a set of all permutation 

of indexes from 1 to n). Using definition of the associated probabilities of a FM (Def. 2), connections 
between associated probabilities, Shapley values and interaction indexes of attributes are obtained: 

1

( ) ( ) ( ) ( ) ( ) ( )
1 1

( ) (1/ 2) (1/ 2)
i n

i i i l i l
l l i

s I I Iσ σ σ σ σ σ σλ
−

= = +

= + ⋅ − ⋅∑ ∑ . 

In the work tasks this identification problem will be solved when interaction indexes and Shapley values 
are evaluated by experts in triangular q-rung orthopair or other fuzzy values. Based on identified fuzzy 
measure, the extensions of a Choquet integral type aggregation will reflect the overall interactions among 
all combinations of attributes. 

During the subsequent future researches, for the solution of constructed FMOESLVEP combinatorial 
optimization models of type (1)-(11) under different fuzzy environments, an epsilon-constraint ( ε -
constraint) method will be proposed (Mavrotas, 2009). General ε -constraint approach in multi-criteria 
optimization problems are given in Ehrgott’s work (Ehrgott, 2005).  

 
Conclusions 

We consider a fuzzy multi-objective emergency shelters’ location selection and victims’ evacuation 
planning problem (FMOESLVEP) in the disaster-stricken zones. Two of the four objective functions of the 
model, namely, (a) maximizing the total selection reliability index of opened shelters, and (b) minimizing 
the monotonuous expectation of total time for victims’ evacuation, are novel, and issues of their develop- 
ment and study are important tasks of this work. The FMOESLVEP models consider the interactions 
between decision-making attributes by aggregating the extended Choquet integral. Based on the obtained 
results, the Intelligent Support System for the FMOESLVEP in disaster zones will be developed in our 
future research. 
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საგანგებო სიტუაციების მართვის სისტემის ყველაზე მნიშვნელოვან ამოცანებს წარმოადგენს 
თავშესაფრების ადგილმდებარეობის შერჩევა და სტიქიით დაზარალებული რეგიონებიდან 
მათი თავშესაფრებში დროული ევაკუაციის უზრუნველყოფა. კატასტროფის არეალის მონა- 
ცემების შესახებ ობიექტური ცოდნის ნაკლებობის გამო ჩვენ ვვარაუდობთ, ფაზი-დაშვებას 
დაფარვის, ადგილმდებარეობის შერჩევის, ტრანსპორტირებისა და მარშრუტიზაციის ამოცა- 
ნების მოდელებში. მოდელისთვის საჭირო პარამეტრების შესაფასებლად გამოყენებულია 
დარგის ექსპერტების ცოდნა და გამოცდილება. ზემოაღნიშნულის გათვალისწინებით, ჩვენ 
განვიხილავთ კატასტროფის შედეგად დაზარალებულ რაიონებში გადაუდებელი ფაზი-
მრავალკრიტერიუმიანი თავშესაფრების განთავსებისა და დაზარალებულთა ევაკუაციის 
ამოცანას (FMOESLVEP). მოდელის ოთხი მიზნის ფუნქციიდან ორი, კერძოდ, (ა) გახსნილი 
თავშესაფრების მთლიანი შერჩევის სანდოობის ინდექსის მაქსიმიზაცია და (ბ) დაზარალე- 
ბულთა ევაკუაციის მთლიანი დროის მონოტონური მოლოდინის მინიმუმამდე შემცირება 
ახალია და მათი აგებისა და შესწავლის საკითხები ნაშრომის ერთ-ერთი მნიშვნელოვანი ამო- 
ცანაა. FMOESLVEP მოდელები შემუშავებულია სხვადასხვა სახის შემავალი ფაზი-ინფორ- 
მაციისთვის. მოდელები ითვალისწინებს გადაწყვეტილების მიღების ატრიბუტებს შორის 
ურთიერთქმედებას გავრცობილი შოკეს ინტეგრალით აგრეგირების გზით. 
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	Abstract. The most important responsibilities of the emergency management system are the selecting shelters’ location and ensuring the timely evacuation of victims from disaster-affected areas. Due to the lack of objective knowledge of disaster zone data, fuzziness in the models for the coverage, location, transportation, and routing problems is assumed. To assess the necessary parameters of the model, the knowledge and experience of branch experts is used. Given the aforementioned issues, fuzzy multi-objective emergency shelters’ location and victims’ evacuation problem (FMOESLVEP) is considered in the disaster-affected areas with response to humanitarian relief logistics. The model objectives include: 1) maximizing the total selection reliability index of opened shelters; 2) minimizing total costs, including ﬁxed costs for opening shelters, victim transportation costs, and service costs; 3) minimizing monotonous waiting time for total evacuation of victims, and 4) minimizing the number of open shelters. Objective functions (1) and (3) are novel, and their development and study are important problems of this work. FMOESLVEP models are created for the different input fuzzy information. The models take into account the interactions between decision-making attributes by aggregating the extended Choquet integral. © 2025 Bull. Natl. Acad. Sci. Georg.
	Keywords: humanitarian relief logistics, fuzzy muliti-objective optimization, fuzzy facility location problem, fuzzy sets, fuzzy measure, possibility measure, Choquet integral, interactive MADM
	Humanitarian logistics plays an important role in facilitating disaster management processes by evacuating victims from affected areas to a safe place, as well as by planning, storing, and distributing humanitarian aid to assist victims at the right time, in the right place, and at the right price (Manopiniwes & Irohara, 2014; Ozbay et al., 2019). Furthermore, humanitarian logistics involve selecting appropriate locations for aid facilities such as shelters, medical centers, distribution centers, warehouses, landfills, etc. For disaster response, decision-making regarding the placement and distribution of shelters is more critical than decision-making regarding other facilities (Boonmee et al., 2016). In light of the aforementioned issues, we will consider a FMOESLVEP in the disaster-stricken zones with response to humanitarian relief logistics (Kacprzyk & Sirbiladze, 2022; Praneetpholkrang & Huynh, 2020; Sirbiladze, 2021; Sirbiladze et al., 2022). This study proposes a multi-objective optimization model that aims at: 1) maximizing the total selection reliability index of opened shelters; 2) minimizing total costs, including ﬁxed costs for opening shelters, victim trans-portation costs, and service costs; 3) minimizing monotonuous expectation of total time for victims’ evacuation, and 4) minimizing the number of open shelters. Objective functions 1) and 3) are novel and their development and study issues are important tasks of this paper. The proposed complex fuzzy mathematical programming problem FMOESLVEP will be solved using the Epsilon Constraint technique (EC) (Mavrotas, 2009), Goal Programming (GP) (Kanoun et al., 2010), and Machine Learning Approach (ML) in this study framework. 
	Our paper (Sirbiladze et al., 2024) provided the design of the FMOESLVEP models. These models’ formulations will be discussed in Section 2. Compliance of research methodology with research aims and objectives is presented in Section 3. The basic conclusions, obtained results, and future possible research directions are presented in Section 4.
	Model Formulation 
	Model assumptions: 1) Information about road and other damage is visually received by the network dispatcher using drones, helicopters, or deep space vision technology. The dispatcher analyzes the information and determines the extent to which vehicles cannot move between affected areas and shelters, as well as other uncertainties. 2) The number of victims in each affected area is fixed and approximately evaluated by the networks’ dispatcher in the triangular fuzzy numbers (TFNs) (Dubois & Prade, 1988). 3) The locations of all affected areas and candidate shelters are fixed. 4) The victims in each affected area are evacuated to the selected shelters as a single unit, and not permitted to be separately assigned to different shelters. 5) The vehicles (aerial and terrestrial) used in the evacuation process are homogeneous. 6) The victims in each affected area are evacuated to the selected shelters by the one type of vehicle ‒ aerial or terrestrial. 7) The velocity of a vehicle used in evacuation process is evaluated approximately. Traffic conditions are not considered.
	Model indices:  is a set of affected areas; is a set of candidate shelters;  is an index to an aerial vehicle;  is an index to a terrestrial vehicle;  is an index to a vehicle, .
	Model parameters:is a distance between an affected area  and the candidate shelter ;  is a capacity of the candidate shelter ; is a number of victims in the affected area  evaluated in TFN; is a fixed cost for opening the shelter ;  is a selection reliability index of the candidate shelter evaluated in fuzzy values;  is the minimum acceptable distance between the affected area  and the shelter  evaluated in TFN;  is a degree of impossibility of vehicle moving between an affected area  and a shelter ,;  is a capacity of vehicle, ;  is a number of vehicles for evacuation process, ; is maximally allowed time for evacuating the victims from the affected area  to the shelter  evaluated in TFN, ;  is a constant coefficient of expected transportation cost per kilometer per person per trip, ;  is a daily wage per person for hiring staff to work in the shelter;  is a ratio of the required staff per victim evaluated in TFN; is a duration of the disaster occurrence evaluated in TFN;  is a velocity of the vehicle using in evacuation process evaluated in TFN, .
	Decision variables: , if a candidate shelter  is selected; otherwise, 0; , if affected area  is assigned to shelter  by the transportation of type of vehicle , otherwise, 0;  is a number of victims in area  that are assigned to shelter .
	Objective functions. 
	Objective 1. 
	 .                                                        (1) 
	The first objective function (1) attempts to maximize the total selection reliability index of open shelters required to thoroughly serve the victims (fuzzy objective function). 
	Objective 2. 
	                             (2)
	The second objective function (2) attempts to minimize the total fuzzy cost that incorporates three terms (fuzzy objective function). The first term is the fixed cost for opening the shelters, where  is determined based on the cost for installing first necessary utility infrastructure. The second term is the transportation cost regarding the distance and the number of victims that are evacuated from the affected area  to the selected shelter  (uncertain parameter, evaluated in the TFN). The third term is the service cost which is estimated as the number of required staff to work in shelters throughout a disaster (uncertain parameter, evaluated in the TFN). 
	Objective 3. 
	                                 (3)
	The third objective function (3) seeks to minimize the monotonous expectation of total fuzzy time for evacuating victims based on the distance between the affected area to the shelter, the number of victims that are displaced, the number of vehicles, the capacity of vehicles, the vehicles’ speed during the disaster and impossibility levels of vehicle movement between affected areas and shelters (fuzzy objective function). In (3), is the Riemann integral’s differential,  is the possibility distribution (Dubois & Prade, 1988) of impossibility degrees of vehicle movement between the affected areas and ,
	The value of this objective function coincides with the Choquet finite integral (Choquet, 1954) with respect to the possibility measure .
	Objective 4.
	                                                                    (4)
	The fourth objective function (4) aims to minimize the number of open shelters required to serve the victims thoroughly.
	Subject to 
	                                                            (5)
	Constraint (5) restricts that an affected area  must be entirely assigned to only single shelter  by the transportation only one type of vehicle (aerial or terrestrial).
	                                         (6)
	Constraint (6) stipulates that affected area  must be assigned to only open shelters .
	                                      (7) 
	Constraint (7) requires that the distance between the affected area  to the assigned shelter  must be farther than the minimum acceptable distance  (fuzzy constraint).
	                                        (8)
	Constraint (8) limits the duration for evacuating victims from an affected area  to a shelter  to no longer than the maximum allowed time for evacuating (fuzzy constraint).
	                                                      (9)
	Constraint (9) restricts the number of assigned victims within the capacity of shelter .
	                                                   (10)
	Constraint (10) is a binary variable:  is 1 if a candidate shelter is selected for the opening; otherwise, it is 0.
	                                          (11)
	Constraint (11) is a binary variable:  is the number of victims in area  that are assigned to shelter .
	The proposed model assumes that the parameters are known or have been evaluated by experts. In reality, many of these parameters are uncertain. Therefore, the model will be developed under uncertainty to bring it closer to real conditions. The model’s linearization and robust optimization approaches will be used in our future research to develop the work tasks. 
	Compliance of Research Methodology with Research Aims and Objectives
	The task of this section is to develop a method for estimating the innovative object function (1) coefficients, shelters selection reliability indexes ‒  A multi-attribute decision-making approach for location selection problem for shelters (Shelter Sites (SSs)) under uncertainty and extreme environment is focused and a fuzzy approach to model decision-making parameters will be used. To decide on the location of SSs, it is assumed that a set of candidate shelter sites already exists. This set is denoted by , where SSs can be located. Let  be the set of all attributes (benefit or cost attributes, cost attributes are transformed into benefit ones), which define SSs selection. Let  be the weights of attributes, evaluated by the experts. For each emergency expert  from the group of experts , let  be the rating (utility, degree of membership, etc.) of his evaluation for each candidate SS , with respect to each attribute . For the expert  we construct binary relation , elements of which will be represented in triangular fuzzy numbers (Dubois & Prade, 1988; Kacprzyk et al., 2019; Kacprzyk & Sirbiladze, 2022), triangular intuitionistic or Pythagorean or -rung orthopair fuzzy values or triangular -rung orthopair fuzzy values (Garg et al., 2021; Sirbiladze, 2020; Sirbiladze et al., 2019; Yager, 2016), or -rung picture linguistic values (Sirbiladze, 2021).
	On orthopair fuzzy sets: Orthopair fuzzy sets are the fuzzy sets, in which the membership grades of an element x are pairs of values from the unit interval, , one of which indicates support for membership in the fuzzy set and the other support against membership. An important pragmatic implication of this, as noted by Yager (2016), is that this provides systems modelers more freedom, it is less restrictive, in the allowable membership grades. For q-rung orthopair fuzzy sets the constraining relationship between the support for and against membership is that  with  Note that as the rung  increases, the space of acceptable orthopairs increases, the more orthopairs satisfy the bounding constraint, and thus, the experts are given more freedom in expressing their belief about membership grade. 
	Based on the work authors’ recent results on the decision-making aggregation operators for triangular, intuitionistic or q-rung orthopair fuzzy environments (Garg et al., 2021; Sirbiladze, 2016, 2020; Sirbiladze et al., 2021; Sirbiladze et al., 2019) our task in future will be to build fuzzy multi-attribute decision-making method for more general fuzzy arguments. The method for each candidate SS will aggregate presented objective and subjective data into scalar value – shelter site’s selection reliability index. New methodology will be constructed in our future tasks for triangular intuitionistic, Pythagorean or -rung orthopair fuzzy values, -rung picture linguistic values. Formally for triangular -rung orthopair or fuzzy picture linguistic values this aggregation can be represented as:
	,
	where Agregg is some multi-attribute decision-making (MADM) fuzzy aggregation operator;  is called a selection reliability index of the j-th SS. In general case, Agregg is an operator, defined on the concrete lattices  of above presented fuzzy values: , where  are experts’ evaluations on the attributes set  for some candidate shelter site. To simplify our future representations only case of TFNs will be considered ‒ . For real multi-criteria decision-making problems such as fuzzy shelters’ location problem, there is a phenomenon ensuring that there exists some degree of inter-dependent or interactive characteristics and non-additivity between attributes (Kojadinovic, 2002). For a decision problem, subjective assessments by emergency managers always generate non-additivity. Thus, it is impossible to use linear and additive aggregations. 
	On the optimal construction of the  operator for the definition of reliability indexe ‒  Our approach in mentioned tasks will be different from all and this means that we will use the second pole of representation of the expert information ‒ measure of the information uncertainty – using fuzzy measure with the first pole – imprecision of data (presented by fuzzy values). Sugeno (1974) introduced the definition of a non-additive (fuzzy) measure that only requires monotonicity, instead of additivity. To the case of a finite referential we adapted the definition of a fuzzy measure as follows:
	Definition 1: Let  be a finite set and  be a set function.  is said to be a fuzzy measure (FM) on  if it satisfies:
	The possible orderings of the elements of  are given by the permutations of a set with  elements, which form the group . Now we consider a definition of associated probabilities (Sirbiladze, 2020) induced by a fuzzy measure on the group .
	Definition 2: The probability functions  defined by
	for each , are called the associated probabilities and the set of all of them form the Associated Probability Class (APC) -of a fuzzy measure 
	Fuzzy measure proved to be the most effective tool for modeling phenomena of interaction (Kacprzyk & Sirbiladze, 2022; Sirbiladze, 2020) and dealing with decision problems, in which the probability is rep-laced with the fuzzy measure. A finite Choquet integral is the most typical aggregation instrument which condenses interactions between the attributes into the scalar value for a possible decision-making alternati-ve. We will use extensions of Choquet integral for the definition of candidate shelter site selection reliability index for triangular -rung orthopair fuzzy environments (Intuitionistic, Pythagorean and so on).
	Definition 3 (Choquet, 1954): Assume  is a fuzzy measure on the attributes set  and we have a variable of expert evaluations  such that . Then the aggregation
	,
	is called the discrete Choquet integral (CI) with respect to the fuzzy measurewhere in the proceeding  is index function such that  is the l-th largest of the . It is clear that 
	Choquet integral’s type operators not only consider the importance of the elements or their ordered position, but also reflect the correlations or interactions among some combinations of attributes. Though many aggregation operators based on Choquet aggregation operator have been developed under intuitionistic fuzzy environment, there is still an issue that needs to be addressed: Choquet integral does not reflect the overall interactions among all combinations of attributes (Sirbiladze, 2016). It seems from the definition that CI operator reflects the overall interaction only among the elements’ combinations of the consonant structure of attributes: 
	Hence, the work authors’ goal in their last works was to create new aggregation operators based on the probability presentations of a fuzzy measure (Associated Probability Class (APC)) for triangular and intuitionistic fuzzy environments. The developed operators take into account the overall interactions among all combinations of the factors (attributes). Correctness of the extensions of the finite Choquet integral were proved for the fuzzy measure ‒ capacity of order two (Sirbiladze, 2020). In the future tasks, this approach for triangular -rung orthopair fuzzy and picture environments will be developed (Sirbiladze, 2020, 2021). Investigation of Choquet type aggregation operators for generalized orthopair fuzzy arguments will give the opportunity to define candidate shelter site selection reliability index in the FMOESLVEP. It is giving us more convincing aggregation tool, both to evaluate parameters and construct new objective functions in the FMOESLVEP for selection of SSs. As the fuzzy measure, k-order additive fuzzy measure theory will be used (Kojadinovic, 2002) in decision-making aggregation operators under different fuzzy environments. The authors of this project (Sirbiladze, 2020) demonstrated the linear connection between two-order additive fuzzy measure’s values, attributes interaction indexes and Shapley values: 
	where  denotes an index subset ,  is the Shapley value of an attribute  and is the interaction index of two attributes  (is a set of all permutation of indexes from 1 to n). Using definition of the associated probabilities of a FM (Def. 2), connections between associated probabilities, Shapley values and interaction indexes of attributes are obtained:
	.
	In the work tasks this identification problem will be solved when interaction indexes and Shapley values are evaluated by experts in triangular q-rung orthopair or other fuzzy values. Based on identified fuzzy measure, the extensions of a Choquet integral type aggregation will reflect the overall interactions among all combinations of attributes.
	During the subsequent future researches, for the solution of constructed FMOESLVEP combinatorial optimization models of type (1)-(11) under different fuzzy environments, an epsilon-constraint (-constraint) method will be proposed (Mavrotas, 2009). General -constraint approach in multi-criteria optimization problems are given in Ehrgott’s work (Ehrgott, 2005). 
	Conclusions
	We consider a fuzzy multi-objective emergency shelters’ location selection and victims’ evacuation planning problem (FMOESLVEP) in the disaster-stricken zones. Two of the four objective functions of the model, namely, (a) maximizing the total selection reliability index of opened shelters, and (b) minimizing the monotonuous expectation of total time for victims’ evacuation, are novel, and issues of their develop-ment and study are important tasks of this work. The FMOESLVEP models consider the interactions between decision-making attributes by aggregating the extended Choquet integral. Based on the obtained results, the Intelligent Support System for the FMOESLVEP in disaster zones will be developed in our future research.
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	საგანგებო სიტუაციების მართვის სისტემის ყველაზე მნიშვნელოვან ამოცანებს წარმოადგენს თავშესაფრების ადგილმდებარეობის შერჩევა და სტიქიით დაზარალებული რეგიონებიდან მათი თავშესაფრებში დროული ევაკუაციის უზრუნველყოფა. კატასტროფის არეალის მონა-ცემების შესახებ ობიექტური ცოდნის ნაკლებობის გამო ჩვენ ვვარაუდობთ, ფაზი-დაშვებას დაფარვის, ადგილმდებარეობის შერჩევის, ტრანსპორტირებისა და მარშრუტიზაციის ამოცა-ნების მოდელებში. მოდელისთვის საჭირო პარამეტრების შესაფასებლად გამოყენებულია დარგის ექსპერტების ცოდნა და გამოცდილება. ზემოაღნიშნულის გათვალისწინებით, ჩვენ განვიხილავთ კატასტროფის შედეგად დაზარალებულ რაიონებში გადაუდებელი ფაზი-მრავალკრიტერიუმიანი თავშესაფრების განთავსებისა და დაზარალებულთა ევაკუაციის ამოცანას (FMOESLVEP). მოდელის ოთხი მიზნის ფუნქციიდან ორი, კერძოდ, (ა) გახსნილი თავშესაფრების მთლიანი შერჩევის სანდოობის ინდექსის მაქსიმიზაცია და (ბ) დაზარალე-ბულთა ევაკუაციის მთლიანი დროის მონოტონური მოლოდინის მინიმუმამდე შემცირება ახალია და მათი აგებისა და შესწავლის საკითხები ნაშრომის ერთ-ერთი მნიშვნელოვანი ამო-ცანაა. FMOESLVEP მოდელები შემუშავებულია სხვადასხვა სახის შემავალი ფაზი-ინფორ-მაციისთვის. მოდელები ითვალისწინებს გადაწყვეტილების მიღების ატრიბუტებს შორის ურთიერთქმედებას გავრცობილი შოკეს ინტეგრალით აგრეგირების გზით.
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[bookmark: OLE_LINK1][bookmark: _Hlk191764979]Abstract. The most important responsibilities of the emergency management system are the selecting shelters’ location and ensuring the timely evacuation of victims from disaster-affected areas. Due to the lack of objective knowledge of disaster zone data, fuzziness in the models for the coverage, location, transportation, and routing problems is assumed. To assess the necessary parameters of the model, the knowledge and experience of branch experts is used. Given the aforementioned issues, fuzzy multi-objective emergency shelters’ location and victims’ evacuation problem (FMOESLVEP) is considered in the disaster-affected areas with response to humanitarian relief logistics. The model objectives include: 1) maximizing the total selection reliability index of opened shelters; 2) minimizing total costs, including ﬁxed costs for opening shelters, victim transportation costs, and service costs; 3) minimizing monotonous waiting time for total evacuation of victims, and 4) minimizing the number of open shelters. Objective functions (1) and (3) are novel, and their development and study are important problems of this work. FMOESLVEP models are created for the different input fuzzy information. The models take into account the interactions between decision-making attributes by aggregating the extended Choquet integral. © 2025 Bull. Natl. Acad. Sci. Georg.
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[bookmark: _Hlk191937651][bookmark: _Hlk95498586][bookmark: _Hlk107040389]Humanitarian logistics plays an important role in facilitating disaster management processes by evacuating victims from affected areas to a safe place, as well as by planning, storing, and distributing humanitarian aid to assist victims at the right time, in the right place, and at the right price (Manopiniwes & Irohara, 2014; Ozbay et al., 2019). Furthermore, humanitarian logistics involve selecting appropriate locations for aid facilities such as shelters, medical centers, distribution centers, warehouses, landfills, etc. For disaster response, decision-making regarding the placement and distribution of shelters is more critical than decision-making regarding other facilities (Boonmee et al., 2016). In light of the aforementioned issues, we will consider a FMOESLVEP in the disaster-stricken zones with response to humanitarian relief logistics (Kacprzyk & Sirbiladze, 2022; Praneetpholkrang & Huynh, 2020; Sirbiladze, 2021; Sirbiladze et al., 2022). This study proposes a multi-objective optimization model that aims at: 1) maximizing the total selection reliability index of opened shelters; 2) minimizing total costs, including ﬁxed costs for opening shelters, victim trans-portation costs, and service costs; 3) minimizing monotonuous expectation of total time for victims’ evacuation, and 4) minimizing the number of open shelters. Objective functions 1) and 3) are novel and their development and study issues are important tasks of this paper. The proposed complex fuzzy mathematical programming problem FMOESLVEP will be solved using the Epsilon Constraint technique (EC) (Mavrotas, 2009), Goal Programming (GP) (Kanoun et al., 2010), and Machine Learning Approach (ML) in this study framework. 

Our paper (Sirbiladze et al., 2024) provided the design of the FMOESLVEP models. These models’ formulations will be discussed in Section 2. Compliance of research methodology with research aims and objectives is presented in Section 3. The basic conclusions, obtained results, and future possible research directions are presented in Section 4.

[bookmark: _Hlk155559676]

Model Formulation 

Model assumptions: 1) Information about road and other damage is visually received by the network dispatcher using drones, helicopters, or deep space vision technology. The dispatcher analyzes the information and determines the extent to which vehicles cannot move between affected areas and shelters, as well as other uncertainties. 2) The number of victims in each affected area is fixed and approximately evaluated by the networks’ dispatcher in the triangular fuzzy numbers (TFNs) (Dubois & Prade, 1988). 
3) The locations of all affected areas and candidate shelters are fixed. 4) The victims in each affected area are evacuated to the selected shelters as a single unit, and not permitted to be separately assigned to different shelters. 5) The vehicles (aerial and terrestrial) used in the evacuation process are homogeneous. 6) The victims in each affected area are evacuated to the selected shelters by the one type of vehicle ‒ aerial or terrestrial. 7) The velocity of a vehicle used in evacuation process is evaluated approximately. Traffic conditions are not considered.













[bookmark: _Hlk155561178][bookmark: _Hlk155561234][bookmark: _Hlk155561292][bookmark: _Hlk155561375][bookmark: _Hlk155561461][bookmark: _Hlk155561515]Model indices:  is a set of affected areas; is a set of candidate shelters;  is an index to an aerial vehicle;  is an index to a terrestrial vehicle;  is an index to a vehicle, .



































































[bookmark: _Hlk155561562][bookmark: _Hlk95816049][bookmark: _Hlk155561581][bookmark: _Hlk95816106]Model parameters:is a distance between an affected area  and the candidate shelter ;  is a capacity of the candidate shelter ; is a number of victims in the affected area  evaluated in TFN; is a fixed cost for opening the shelter ;  is a selection reliability index of the candidate shelter evaluated in fuzzy values;  is the minimum acceptable distance between the affected area  and the shelter  evaluated in TFN;  is a degree of impossibility of vehicle moving between an affected area  and a shelter ,;  is a capacity of vehicle, ;  is a number of vehicles for evacuation process, ; is maximally allowed time for evacuating the victims from the affected area  to the shelter  evaluated in TFN, ;  is a constant coefficient of expected transportation cost per kilometer per person per trip, ;  is a daily wage per person for hiring staff to work in the shelter;  is a ratio of the required staff per victim evaluated in TFN; is a duration of the disaster occurrence evaluated in TFN;  is a velocity of the vehicle using in evacuation process evaluated in TFN, .



















[bookmark: _Hlk155561606][bookmark: _Hlk95816134]Decision variables: , if a candidate shelter  is selected; otherwise, 0; , if affected area  is assigned to shelter  by the transportation of type of vehicle , otherwise, 0;  is a number of victims in area  that are assigned to shelter .

Objective functions. 

Objective 1. 



	.	                                                       (1) 

The first objective function (1) attempts to maximize the total selection reliability index of open shelters required to thoroughly serve the victims (fuzzy objective function). 

[bookmark: _Hlk155563903]Objective 2. 
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The second objective function (2) attempts to minimize the total fuzzy cost that incorporates three terms (fuzzy objective function). The first term is the fixed cost for opening the shelters, where  is determined based on the cost for installing first necessary utility infrastructure. The second term is the transportation cost regarding the distance and the number of victims that are evacuated from the affected area  to the selected shelter  (uncertain parameter, evaluated in the TFN). The third term is the service cost which is estimated as the number of required staff to work in shelters throughout a disaster (uncertain parameter, evaluated in the TFN). 

[bookmark: _Hlk155564720][bookmark: _Hlk95816256]Objective 3. 



                                 (3)







[bookmark: _Hlk95816310]The third objective function (3) seeks to minimize the monotonous expectation of total fuzzy time 
for evacuating victims based on the distance between the affected area to the shelter, the number of victims that are displaced, the number of vehicles, the capacity of vehicles, the vehicles’ speed during the disaster and impossibility levels of vehicle movement between affected areas and shelters (fuzzy objective function). In (3), is the Riemann integral’s differential,  is the possibility distribution (Dubois 
& Prade, 1988) of impossibility degrees of vehicle movement between the affected areas and ,







The value of this objective function coincides with the Choquet finite integral (Choquet, 1954) with respect to the possibility measure .

Objective 4.



		                                                                  (4)

The fourth objective function (4) aims to minimize the number of open shelters required to serve the victims thoroughly.

Subject to 



[bookmark: _Hlk95816347]	                                                           (5)





Constraint (5) restricts that an affected area  must be entirely assigned to only single shelter  by the transportation only one type of vehicle (aerial or terrestrial).
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[bookmark: _Hlk95816564]Constraint (6) stipulates that affected area  must be assigned to only open shelters .



		                                    (7) 







[bookmark: 3.2_Solution_approach][bookmark: 3.2.2_Goal_Programming_(GP)][bookmark: _bookmark14]Constraint (7) requires that the distance between the affected area  to the assigned shelter  must be farther than the minimum acceptable distance  (fuzzy constraint).



[bookmark: _Hlk95816586]	                                       (8)







Constraint (8) limits the duration for evacuating victims from an affected area  to a shelter  to no longer than the maximum allowed time for evacuating (fuzzy constraint).



		                                                    (9)



Constraint (9) restricts the number of assigned victims within the capacity of shelter .



		                                                 (10)



Constraint (10) is a binary variable:  is 1 if a candidate shelter is selected for the opening; otherwise, it is 0.



		                                        (11)







Constraint (11) is a binary variable:  is the number of victims in area  that are assigned to shelter .

The proposed model assumes that the parameters are known or have been evaluated by experts. In reality, many of these parameters are uncertain. Therefore, the model will be developed under uncertainty to bring it closer to real conditions. The model’s linearization and robust optimization approaches will be used in our future research to develop the work tasks. 



Compliance of Research Methodology with Research Aims and Objectives





























[bookmark: _Hlk199883442]The task of this section is to develop a method for estimating the innovative object function (1) coefficients, shelters selection reliability indexes ‒  A multi-attribute decision-making approach for location selection problem for shelters (Shelter Sites (SSs)) under uncertainty and extreme environment is focused and a fuzzy approach to model decision-making parameters will be used. To decide on the location of SSs, it is assumed that a set of candidate shelter sites already exists. This set is denoted by , where SSs can be located. Let  be the set of all attributes (benefit or cost attributes, cost attributes are transformed into benefit ones), which define SSs selection. Let  be the weights of attributes, evaluated by the experts. For each emergency expert  from the group of experts , let  be the rating (utility, degree of membership, etc.) of his evaluation for each candidate SS , with respect to each attribute . For the expert  we construct binary relation , elements of which will be represented in triangular fuzzy numbers (Dubois & Prade, 1988; Kacprzyk et al., 2019; Kacprzyk & Sirbiladze, 2022), triangular intuitionistic or Pythagorean or -rung orthopair fuzzy values or triangular -rung orthopair fuzzy values (Garg et al., 2021; Sirbiladze, 2020; Sirbiladze et al., 2019; Yager, 2016), or -rung picture linguistic values (Sirbiladze, 2021).









On orthopair fuzzy sets: Orthopair fuzzy sets are the fuzzy sets, in which the membership grades of an element x are pairs of values from the unit interval, , one of which indicates support for membership in the fuzzy set and the other support against membership. An important pragmatic implication of this, as noted by Yager (2016), is that this provides systems modelers more freedom, it is less restrictive, in the allowable membership grades. For q-rung orthopair fuzzy sets the constraining relationship between the support for and against membership is that  with  Note that as the rung  increases, the space of acceptable orthopairs increases, the more orthopairs satisfy the bounding constraint, and thus, the experts are given more freedom in expressing their belief about membership grade. 







[bookmark: _Hlk199883889][bookmark: _Hlk199884019]Based on the work authors’ recent results on the decision-making aggregation operators for triangular, intuitionistic or q-rung orthopair fuzzy environments (Garg et al., 2021; Sirbiladze, 2016, 2020; Sirbiladze et al., 2021; Sirbiladze et al., 2019) our task in future will be to build fuzzy multi-attribute decision-making method for more general fuzzy arguments. The method for each candidate SS will aggregate presented objective and subjective data into scalar value – shelter site’s selection reliability index. New methodology will be constructed in our future tasks for triangular intuitionistic, Pythagorean or -rung orthopair fuzzy values, -rung picture linguistic values. Formally for triangular -rung orthopair or fuzzy picture linguistic values this aggregation can be represented as:
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[bookmark: _Hlk69914114]where Agregg is some multi-attribute decision-making (MADM) fuzzy aggregation operator;  is called a selection reliability index of the j-th SS. In general case, Agregg is an operator, defined on the concrete lattices  of above presented fuzzy values: , where  are experts’ evaluations on the attributes set  for some candidate shelter site. To simplify our future representations only case of TFNs will be considered ‒ . For real multi-criteria decision-making problems such as fuzzy shelters’ location problem, there is a phenomenon ensuring that there exists some degree of inter-dependent or interactive characteristics and non-additivity between attributes (Kojadinovic, 2002). For a decision problem, subjective assessments by emergency managers always generate non-additivity. Thus, it is impossible to use linear and additive aggregations. 





[bookmark: _Hlk192114285]On the optimal construction of the  operator for the definition of reliability indexe ‒  Our approach in mentioned tasks will be different from all and this means that we will use the second pole of representation of the expert information ‒ measure of the information uncertainty – using fuzzy measure with the first pole – imprecision of data (presented by fuzzy values). Sugeno (1974) introduced the definition of a non-additive (fuzzy) measure that only requires monotonicity, instead of additivity. To the case of a finite referential we adapted the definition of a fuzzy measure as follows:











[bookmark: _Hlk191909943]Definition 1: Let  be a finite set and  be a set function.  is said to be a fuzzy measure (FM) on  if it satisfies:













The possible orderings of the elements of  are given by the permutations of a set with  elements, which form the group . Now we consider a definition of associated probabilities (Sirbiladze, 2020) induced by a fuzzy measure on the group .



Definition 2: The probability functions  defined by











for each , are called the associated probabilities and the set of all of them form the Associated Probability Class (APC) -of a fuzzy measure 



[bookmark: _Hlk199883740]Fuzzy measure proved to be the most effective tool for modeling phenomena of interaction (Kacprzyk & Sirbiladze, 2022; Sirbiladze, 2020) and dealing with decision problems, in which the probability is rep-
laced with the fuzzy measure. A finite Choquet integral is the most typical aggregation instrument which condenses interactions between the attributes into the scalar value for a possible decision-making alternati-
ve. We will use extensions of Choquet integral for the definition of candidate shelter site selection reliability index for triangular -rung orthopair fuzzy environments (Intuitionistic, Pythagorean and so on).









Definition 3 (Choquet, 1954): Assume  is a fuzzy measure on the attributes set  and we have a variable of expert evaluations  such that . Then the aggregation
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is called the discrete Choquet integral (CI) with respect to the fuzzy measurewhere in the proceeding  is index function such that  is the l-th largest of the . It is clear that 

[bookmark: _Hlk199884597]Choquet integral’s type operators not only consider the importance of the elements or their ordered position, but also reflect the correlations or interactions among some combinations of attributes. Though many aggregation operators based on Choquet aggregation operator have been developed under intuitionistic fuzzy environment, there is still an issue that needs to be addressed: Choquet integral does not reflect the overall interactions among all combinations of attributes (Sirbiladze, 2016). It seems from the definition that CI operator reflects the overall interaction only among the elements’ combinations of the consonant structure of attributes: 







Hence, the work authors’ goal in their last works was to create new aggregation operators based on the probability presentations of a fuzzy measure (Associated Probability Class (APC)) for triangular and intuitionistic fuzzy environments. The developed operators take into account the overall interactions among all combinations of the factors (attributes). Correctness of the extensions of the finite Choquet integral were proved for the fuzzy measure ‒ capacity of order two (Sirbiladze, 2020). In the future tasks, this approach for triangular -rung orthopair fuzzy and picture environments will be developed (Sirbiladze, 2020, 2021). Investigation of Choquet type aggregation operators for generalized orthopair fuzzy arguments will give the opportunity to define candidate shelter site selection reliability index in the FMOESLVEP. It is giving us more convincing aggregation tool, both to evaluate parameters and construct new objective functions in the FMOESLVEP for selection of SSs. As the fuzzy measure, k-order additive fuzzy measure theory will be used (Kojadinovic, 2002) in decision-making aggregation operators under different fuzzy environments. The authors of this project (Sirbiladze, 2020) demonstrated the linear connection between two-order additive fuzzy measure’s values, attributes interaction indexes and Shapley values: 



















where  denotes an index subset ,  is the Shapley value of an attribute  and is the interaction index of two attributes  (is a set of all permutation of indexes from 1 to n). Using definition of the associated probabilities of a FM (Def. 2), connections between associated probabilities, Shapley values and interaction indexes of attributes are obtained:



.

In the work tasks this identification problem will be solved when interaction indexes and Shapley values are evaluated by experts in triangular q-rung orthopair or other fuzzy values. Based on identified fuzzy measure, the extensions of a Choquet integral type aggregation will reflect the overall interactions among all combinations of attributes.





[bookmark: _Hlk199883092][bookmark: _Hlk192099723]During the subsequent future researches, for the solution of constructed FMOESLVEP combinatorial optimization models of type (1)-(11) under different fuzzy environments, an epsilon-constraint (-constraint) method will be proposed (Mavrotas, 2009). General -constraint approach in multi-criteria optimization problems are given in Ehrgott’s work (Ehrgott, 2005). 



Conclusions

We consider a fuzzy multi-objective emergency shelters’ location selection and victims’ evacuation planning problem (FMOESLVEP) in the disaster-stricken zones. Two of the four objective functions of the model, namely, (a) maximizing the total selection reliability index of opened shelters, and (b) minimizing the monotonuous expectation of total time for victims’ evacuation, are novel, and issues of their develop-
ment and study are important tasks of this work. The FMOESLVEP models consider the interactions between decision-making attributes by aggregating the extended Choquet integral. Based on the obtained results, the Intelligent Support System for the FMOESLVEP in disaster zones will be developed in our future research.
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