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ABSTRACT. This paper presents the construction of a new model for the fuzzy facility location
problem. A fuzzy TOPSIS approach for formation and representing of expert’s knowledge on the
parameters of emergency service facility location planning is developed. A new objective function is
constructed, which is the maximization of centers’ selection ranking index. This function together with
the second abjective function - minimization of number of selected centerscreatesthe multi-objective
facility location set covering problem. Theapproach isillustrated by the smulation example of emer gency
servicefacility location planning for acity in Georgia. M ore exactly, the examplelooksinto the problem
of planning fire stations locations to serve emergency situations in specific demand points — critical
infrastructure objects. © 2017 Bull. Georg. Natl. Acad. Sci.
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Timely servicing from emergency service centersto the affected geographical areas (demand points, for
example, critical infrastructure objects) is a key task of the emergency management system. Scientific re-
search inthisareafocuses on distribution networks decision-making problems, which are known asa Facility
Location Problem (FLP) [1,2]. FLP’s models have to support the generation of optimal locations of service
centersin complex and uncertain situations. There are several publications about application of fuzzy meth-
odsin the FLP. However, al of them have a common approach. They represent parameters as fuzzy values
(triangular fuzzy numbers and others)[3,4] and develop methods for facility location problems called Fuzzy
Facility Location Probleminthiscase (FFLP) [5,6]. In thiswork we consider anew model of FFLP based onthe
fuzzy TOPSI S approach [7,8] for the optimal selection of facility location centers.

Definition 1[3]: &(t) : Rt —[0;1] iscalled the Fuzzy Number (FN):

1 if te[cycs]
i tefo,0]
&(t)= %‘?
C3_ H "
- ifte|g,cf |
S ittelgel
0 otherwise
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where ¢ < ¢, < ¢y <c; e Rt (€=(c,,C),C5,C5) ). Fuzzy number can be considered asageneralization of the
interval number.

Let us review arithmetic operations on the triangular FN (TFN) (¢, =c5). Let € and b betwo TFNs,

)
where €=(c,c,,¢5) and b=(b,b,b;). Then 1. &+b=(g+b,c+byci+hy); 2
b= (c ~byC—by,C3—by); 3 Exk = (koy, kep key), k>0; 4: ¢ =(cf, ¢, ), k>0,6>0 5

¢-b=(ch,ch,cb;), ¢ >0 >0 6 1/b={1/b;1/b,,1/b}, b >0; 7: &>bif ¢,>b, and
if c, =b, then &>b if ¢ +¢, >b +h;, otherwise €=b . 8. The distance between two fuzzy numbers

d(é,f)):\/1/3[(cl—bl)2+(cl—bl)2+(cl—bl)2] .9.1f €=(c,,c,,¢3) iSTFN, then the expected value of €

isdefined by theformula E(€) =¢, +(c; —2¢, +¢;)/ 4.

Fuzzy TOPSISApproach for the Selection of Facility L ocation Centers

Location planning for candidate centersisvital in minimizing traffic congestion arising from facility move-
ment in extreme environment. In recent years, transport activity has grown tremendously and this has un-
doubtedly affected the travel and living conditions in difficult and extreme urban areas. Considering the
growth in the number of freight movements and their negative impacts on residents and the environment,
municipal administrations are implementing sustainable freight regulations like restricted delivery timing,
dedicated delivery zones, congestion charging etc. With the implementation of these regulations, the logis-
tics operators are facing new challenges in location planning for service centers. For example, if service
centers are located close to customer locations, then they increase traffic congestion in the urban areas. If
they arelocated far from customer locations, then the service costs for the operatorsresult will be very high.
Under these circumstances, it is clear that thelocation planning for service centersin extreme environment is
acomplex decision that involves consideration of multiple attributeslike maximum customer coverage, mini-
mum service costs, least impacts on geographical points’ residents and the environment, and conformance to
freight regulations of these points.

At first, we are focusing on a multi-attribute decision making approach for location planning for service
centers under uncertain and extreme environment. We develop a fuzzy multi-attribute decision-making ap-
proach for the service center location selection problem for which a Fuzzy TOPSI S approach is used.

Let usassumethat A={a,,a,,...,a,} istheset of all demand points (customers) and S={s,s,,...,S,}
isthe set of all candidate centers, where we can locate service facilities. Let Q ={w;,w,,...,w;} bethe set of

all attributes, which define center selection. Let W ={w;,w,,...,w} be the weights of attributes. For each
expert g frominvited group of experts E={g,e,,....6}, let rijk be the rating of his evaluation for each
candidate center §, (i =1,...,n) , with respect to each attribute w;, (j =1...,). For the expert g, we con-
struct binary relation Ry ={rijk, i=1..n j=1..1}, elements of which are represented in TFNs. Our task

is to build fuzzy TOPSIS approach, which for each candidate center 5, (i =1,...,n) aggregates presented

objective and subjective data into scalar values - centers’ selection ranking index. This aggregation formally
can be represented as:
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Table 1. Linguistic terms for candidate center ratings

Linguistic term Ratingsin TFNs
Very poor (VP) (1,1,3)
Poor (P) (1,35)
Fair (F) (3,5,7)
Good (G) (5,7,9
Very good (VG) (7,9,9)

Table 2. Linguistic terms for attribute ratings

Linguistic term Ratingsin TFNs
Very low (VL) 1,1,3)
Low (L) (1,3,5)
Medium (M) (357)
High (H) (5,7,9)
Very high (VH) (7,9,9)

Table 3. Example of attributes for location centers selection

Attributes Definition Attributes type

il Access by public and private transport modesto the  |Benefit (the more the
Accessibility (w1) o) location better)

Security (o2) Security of the location from accidents, theft and Benefit (the more the
y (w2 vandalism better)

Connectivity to multimodal |Connectivity of the location with other modes of Benefit (the more the
transport (w3) transport, e.g. highways, railways, seaport, airport etc. |better)

Costs (m4)

Costsin acquiring land, vehicle resources, drivers and
etc. for the location

Cost (the less the better)

Environmental impact (ws)

Impact of location on the environment, for example,
air pollution, noise

Cost (the less the better)

Proximity to customers (ws)

Distance of location to customer locations

Benefit (the more the
better)

Proximity to suppliers (o7)

Distance of location to supplier locations

Benefit (the more the
better)

Resource availability () Availability of raw material and labor resourcesin the | Benefit (the more the
location better)
Conformance to sustainable Ab llity to confor_m_ to S‘Hai. nable f_rei ght regulations Benefit (the more the
freight regulations () |mp(_)sed by munici pa admi nl_stratlonsfor eg. better)
restricted delivery hours, specia delivery zones
Possibility of expansion Ability to increase size to accommodate growing Benefit (the more the
(w10) demands better)

d, =d(s) = Agregg(Q,W,I1,[R ], . k=1...,t) ,i=1..,n

In fuzzy set theory [3,4], conversion scales are applied to transform the linguistic termsinto fuzzy num-
bers. In our approach, we apply a scale of 1-9 for rating the attributes and the candidate centers (alterna-
tives). Table 1 presentsthe linguistic variables and fuzzy ratings for the alternatives and Table 2 presents the
linguistic variables and fuzzy ratings for the attributes.
The proposed framework of location planning for candidate centers comprises four steps:
Step 1: Selection of location attributesinvolves the selection of location attributes for evaluating poten-

tial locations for candidate centers. These attributes are obtained from literature review, and discussion with
experts and members of the city transportation group. For example, 10 attributes (see Table 3) are presented
to determine the best location for implementing service centers.It can be seenin Table 3 that attribute w, and
attribute w, belong to the cost category, that is, the lower the value, the more preferable the alternative for the
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best location. The remaining attributes are benefit type attributes, which meansthe higher the value, the more
preferable the alternative isfor selection.

Step 2: Selection of candidate location centers. Involves selection of potential locationsfor implementing
service centers. The decision makers use their knowledge, prior experience with the transportation or other
conditions of the geographical area of extreme events and the presence of sustainable freight regulations to
identify candidate locations for implementing the service centers. For example, if certain areasare restricted
for delivery by municipal administration, then these areas are barred from being considered as potential
locations for implementing urban service centers. Ideally, the potential locations are those that cater to the
interest of all city stakeholders, which are city residents, logistics operators, municipal administrations etc.

Step 3: Locations evaluation using fuzzy TOPSIS. The third step involves evaluation of candidate loca-
tion centers against the selected attributes (for example Table 3) using the technique called fuzzy TOPSIS
(Techniquefor Order Preference by Similarity to Ideal Situation). The TOPSIS approach choosesthe alterna-
tivethat is closest to the positive ideal solution and farthest from the negative ideal solution. A positive ideal
solution is composed of the best performance values for each attribute whereas the negative ideal solution
consists of the worst performance values. The various steps of new fuzzy TOPSIS are presented as follows:

Step 3.1. Assignment of ratings to the attributes and the candidate centers. Let

R ={r{, i=1...n j=1..1} betheperformanceratingsof each expert § (k =1,2,..,t) for each alterna-

tive (candidate center) § (i =1,2,..,n) with respect to attributes w; (j =1,2,..,]) presented in triangular

fuzzy numbers.
Step 3.2. Compute aggregate fuzzy ratingsfor the attributes and the candidate centers. If thefuzzy ratings

of all experts are described as triangular fuzzy numbers §< = (q{‘q'z‘ , qg) k=1,2,...t, then the aggregated

fuzzy ratingisgiven by 6=(¢y,0,.03) , where

t
o =min{c}, qf;lkZ:lqﬁ, o = max{qf}
If the fuzzy rating and importance weight of the k-th expert are r]jk =(rijkl,rijk2,ri}‘3) and
\Tv‘f = (Wl]( V\)fzwlfg) i=12,..,1, respectively, then the aggregated fuzzy ratings (ﬁj) of aternativeswith

respect to each attribute are given by F; =(rij1,rij2,rij3) , where

(K Iv « k
lij1 = mkm{rijl}7 fij2 :Iérij21 fijz = mlf‘x{rijs} .

Theaggregatedfuzzyweights(\ivj), j=1..,1 of atributesarecalculated as W Z(le,sz’st) where

Wi = mkin{w/fl}, Wiz I%Z;ijz’ Ws = mfx{wjkg}.

Step 3. 3. Compute thefuzzy decision matrix. Thefuzzy decision matrix for the candidate centers Sand the
attributes Q is constructed as follows:
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W W, W
S|fn fp - Ty
S| fp o fy
S’I rnl rn2 rnI

Step 3.4. Normalize the fuzzy decision matrix. Theraw dataare normalized using alinear scal e transforma-
tion to bring the various attributes scal es onto a comparabl e scale. The normalized fuzzy decision matrix R

. g Fio I
is given by R=[r~ij ]nl A=12,....nmj=212..,l, where fij =£r”*l,:—*2, r”f’] and T
j j j

I

r~ r. r.
tributes); f; = L L L land ry =minr;, (cost attributes).
liz fij2 Tijs '
Step 3.5. Compute the weighted normalized fuzzy decision matrix. Theweighted normalized matrix V' for

the attributes is computed by multiplying the weights (\ij ) of evaluation attributes with the normalized

fuzzy decision matrix f; : V :[\7ij me| J=12,.,mj=12..,] where ¥ = ()W,
Step 3.6. Compute the fuzzy positiveideal solution (FPIS) and the fuzzy negativeideal solution (FNIS).The
FPIS and FNIS of the candidate centers are computed as follows:

A =%, 0 ) A =(%,%,..% ) where 7] = miax{v”g}, Vi = miin{vijl}, i=12.,n j=12.,1.
Step 3.7. Compute the distance of each candidate center’s weighted normalized evaluations from FPIS and

FNIS. These distances (d. , d() are computed as follows:
' I
d :zd(\N/ij,Vj), df:Zd(Vij,\N/]T), i=12,..,n
j=1 j=1

Step 3.8. Compute the closeness coefficient (CC, ) of each candidate center. The closeness coefficient

CC, represents the distances to the fuzzy positive ideal solution (A) and the fuzzy negative ideal solution

(A_ ) simultaneously. The closeness coefficient of each candidate center § iscalculated as
CC =d /(d +d), i=12..,n.
Step 3.9. Rank the aternatives. Rank the alternatives (candidate centers) according to the closeness
coefficient (CC;) in decreasing order and select the alternative with the highest closeness coefficient for
final implementation. The best alternativeis closest to the FPIS and farthest from the FNIS.

Definition 2: A selection ranking index of candidate center 5,i =1,...,n iscalled itscloseness coefficient

(CC):d =cCC .
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M ulti-Objective Optimization Model of Fuzzy Facility L ocation Set Covering
Problem

Thelocation set covering problem (L SCP) was proposed by C. Toregasand C. Revell in 1972, which seeksa
solution for locating the least number of facilitiesto cover all demand points within the service distance. In
some of our works we are focusing on the multi-objective fuzzy set covering problems [9,10] for extreme
conditions. Fuzzy extension of LSCP for facility location was given in [11]. In this work we construct new
fuzzy LSCP model for emergency servicefacility location planning.

As we discussed in previous section, constructed Fuzzy TOPSIS technology forms center’s selection
rational ranking index. The center’s ranking index reflects expert evaluations with respect to the center,

considering all actud attributes. If x={x;, X,,...,X,} iSBoolean decision vector, which defines some selec-
tion from candidate centers S={s;,s,,...,s,} for facility location, we can build centers’ selection ranking

index as linear sum of d;X; values: As a result, new objective function — centers’ selection ranking index

n
Zd jX; is constructed. Maximizing it will select group of centers with the best total ranking index from
j=1

admissible covering selections. Classical facility location set covering problem triesto minimize the number

n
of centers, where service facilities can be located - Z X;. The problem aimsto locate service facilitiesin
j=1
minimal travel time from candidate centers. In extreme environment for emergency planning the radius of
service center is not defined based on distance but it is defined based on maximum allowed time T for
movement, since the rapid help and servicingis crucial for demand pointsin such situations. Respectively, a

set of candidate centers N, , coveringcustomer g;, & < A, isdefinedas N; :{sj, Sj € S/ E(fij)sT} .Then

we can state bi-objective facility location set covering problem:
. n n
min 7= (1), mx z=>dx@
j=1 j=1

> x21(0=12..m); x {0} j=12..n(3

SjENi

Numerical Simulation of Emergency ServiceFacility L ocation M odel

We illustrate the effectiveness of the constructed optimization model by the numerical example. Let us
consider an emergency management administration of a city in Georgia that wishes to locate some fire
stations with respect to timely servicing of critical infrastructure objects. Assume that there are 6 demand
points (critical infrastructure objects) and 5 candidate facility centers (fire stations) in the urban area. Let us
have 4 expertsfrom Emergency Management Agency (EMA) of Georgiafor the evaluation of thetravel times
and the ranking indexes of candidate facility centers. Thetravel times between demand points and candidate
centersare evauated in triangular fuzzy numbers(see Table 4). According to the standards of EMA (Georgia),
the principle of location fire stations is that the fire station can reach the area edge within 5 minutes after
receiving the dispatched instruction. Therefore, we set covering radius T = 5 minutes.

Each expert g (k :L2,3,4) presented the ratings rijk for each candidate center 5, (i=1...,5) , with
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Table 4. Travel times from fire station to critical infrastructure objects (in minutes)

ai az as a4 as as
s (35,7 (2,4,6) 4.6,7) 4,79 (1,35) (1,34)
2 (610,14)  (4,9,.14) (246) (57100 (1498 (1,4,5)
S 4812  (47.11) (4,6,9) 47 (47100 (4,69
s 47100  (71115)  (6,9,13) (4,6,9) (2,4,6) (1,3,5)
% (1,35) (2.4,6) (1,3,6) (2.4.7) (4,6,9) (5,9,12)

respect to each attribute w;, (j=1..,10) and weights W‘,‘ for each candidate center (evaluations were
presented in triangular fuzzy numbers and these data are omitted here). Using the algorithm of new fuzzy

TOPSIS we calculated expected values of candidate centers’ selection ranking indexes: d; =0.82, d, =0.71,
d; =0.79,d, = 0.63, d5 = 0.86. The expected values of fuzzy travel times E(f;) hasbeen also calculated
(Def.1). After these calculationsaCombinatorial Programming Problem (1)-(3) has been constructed:

fi =X + X + X3+ X4 + X5 = min,

f, =0.82% +0.71x, + 0.79%5 + 0.63x, + 0.86%5 = max
X+ X1

Xo + X521,

Xg+ X5 21,

X X+ %4 21,

x €{0,1},i=1234,5.

For the constructed problem Pareto solutions are founded. There are:
a)x=1x =1,f=2,=168b) x,=1x =% =1, =3 f, =239,
C) X =L%=Lx=1x =1,f=41,=318d) x =1i=1234,5f =5, =381
It is clear that increasing of fire stations humber in Pareto solutions gives us more better level of the
second objective function - fire stations’ selection ranking index. But the decision on the choice of the fire

stations as service centers depends on the decision-making person’s preferences with respect to risks of
administrative actions.

Conclusions

The paper presented new approach for fuzzy facility location problem for sel ection of thelocations of service
centers in extreme and uncertain situations. The approach utilizes experts knowledge represented by fuzzy
triangular numbers and considers the suitability of central location (i.e. affordability, security, etc.) using
fuzzy TOPSIS approach. On the other hand, the model also considers the necessity to reach al critical
infrastructure points and time that is required to reach them, also presented by fuzzy triangular numbers. As
aresults bi-objective set covering problem is obtained. The constructed approach isillustrated by a numeri-
cal example for locating fire stations servicing critical infrastructure points in a city in Georgia. For the
constructed problem Pareto solutions are obtained. In our future studies (large dimension cases of the
problem) the epsilon-constraint approach [12,13] for the Pareto front obtaining will be constructed.
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