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a b s t r a c t

In this study, we propose a mixed integer linear programming based methodology for selecting the location

of temporary shelter sites. The mathematical model maximizes the minimum weight of open shelter areas

while deciding on the location of shelter areas, the assigned population points to each open shelter area and

controls the utilization of open shelter areas. We validate the mathematical model by generating a base case

scenario using real data for Kartal, Istanbul, Turkey. Also, we perform a sensitivity analysis on the parameters

of the mentioned mathematical model and discuss our findings. Lastly, we perform a case study using the

data from the 2011 Van earthquake.
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. Introduction

The International Federation of Red Cross and Red Crescent Soci-

ties (IFRC) defines a disaster as “a sudden, calamitous event that se-

iously disrupts the functioning of a community or society and causes

uman, material, and economic or environmental losses that exceed

he community’s or society’s ability to cope using its own resources”

IFRC, “What is a disaster?”).

Turkey is among the countries that are especially vulnerable to

atural disasters. Throughout history, many disasters have occurred

n the geography where Turkey is located. According to Özmen, Nurlu,

uterdem, and Temiz (2005), 650,654 households have been de-

troyed by disasters since 1900. Total destruction in Turkey from

hese disasters is broken down in Table 1 below.

Turkey is not subject to tornados or hurricanes, but earthquakes,

andslides, floods, rock falls and avalanches frequently occur. The lat-

er four disaster types are usually small-scaled, with relatively little

r no death toll. Earthquakes, however, are the most feared type of

isaster in Turkey, as many lives are often lost. Several fault lines run

hrough Turkey, but the North Anatolian Fault, from Thrace to North-

ast Turkey, is the most active one. The danger posed by this fault line

s evident when one compares the percentages of surface area and

opulation to be affected in a high-magnitude earthquake.

There are five different earthquake zones in Turkey, with

able 2 showing them ordered according to degrees, with the first

eing the most dangerous and the fifth the least dangerous. According
∗ Corresponding author. Tel.: +90 312 2901262; fax: +90 312 2664054.

E-mail address: bkara@bilkent.edu.tr (B.Y. Kara).
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o Özmen, Nurlu, and Güler (1997), 44 percent of Turkey’s population

ives in the first degree zones.

Since the beginning of the twentieth century, approximately 110

estructive earthquakes have occurred in Turkey. About 15 of those

ad death tolls greater than 1000. The most important ones in terms of

ausalities are the 1939 Erzincan earthquake and the 1999 Marmara

arthquake.

The Erzincan earthquake was the most devastating earthquake in

urkey’s history. It had a magnitude of 7.8 on the Richter scale and

eft 33,000 people dead and hundreds of thousands homeless. The

999 Marmara earthquake had a magnitude of 7.6 on the Richter

cale and killed about 17,000 people, injured nearly 50,000 people

nd left about 500,000 homeless. The aftershocks of this earthquake

asted several months with the greatest aftershock in Düzce, with a

agnitude of 7.2. That event killed about 1000 people, while leaving

housands of homes damaged and thousands of people homeless (Al

azeera Turk, 2013). The recorded financial damage of the Marmara

arthquake was about 3–6.5 billion US dollars (Aslanzadeh, Rostami,

Kardar, 2009).

On 16 March 2000, seven months after the 1999 Kocaeli Earth-

uake, the Turkish daily Radikal published an article with data on

he number of residents in temporary shelter areas. According to this

rticle, in Kocaeli, Sakarya, Yalova, Bolu and Düzce, around 91,000

eople were still living in tents. The number of people living in the

helter areas established in each city and their utilization are given in

able 3a.

The Turkish daily Milliyet published a series of articles between

1 and 16 August 2000 reporting the numbers of people that were

till homeless and living in shelters exactly a year after the disaster.

he number of people living in the tents had decreased since Radikal’s

http://dx.doi.org/10.1016/j.ejor.2014.11.035
http://www.ScienceDirect.com
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Table 1

Types of disasters and their respective damages since 1900

(Özmen et al., 2005).

Type of disaster Number of households Percentage

destroyed

Earthquake 495,000 79

Landslide 63,000 10

Flood 61,000 9

Rockfall 26,500 4

Avalanche 5,154 1

Total 650,654 100

Table 3a

Utilization and population of shelter areas in five cities in

March 2000 (Radikal, 2000).

City Number of people Utilization (percent)

Kocaeli 18500 100

Sakarya 906 20

Yalova 2547 74

Bolu 16648 100

Düzce 53000 90

Table 3b

The number of people living in temporary shelters in five cities in August

2000 (Milliyet, 2000).

City Number Number in

in tents pre-fabricated houses

Kocaeli 9,865 55,399

Sakarya 229 38,131

Yalova 0 15,946

Bolu 10,591 14,296

Düzce 8,232 22,822
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article, but the Milliyet article reported that although pre-fabricated

houses had been constructed offering better living conditions than

the tents, people continued living in the tents because the new hous-

ing areas were located very far away from city centers. The number

of people living in tents and pre-fabricated houses can be found in

Table 3b.

The aim of this study is to improve the disaster preparedness of

Turkey by developing a methodology for selecting shelter site loca-

tions. In this section, we provide brief information about disasters and

past data related to shelter areas in Turkey. In Section 2, we present

the principles and standards used while constructing the shelter ar-

eas and discuss the Turkish Red Crescent’s methodology on shelter

site selection. In Section 3, we briefly summarize the related litera-

ture. In Section 4, we define the problem and propose a mathematical

model to address the problem. In Section 5, we discuss the compu-

tational studies that we performed using the mathematical model,

and in Section 6, we conclude this article by briefly summarizing the

study and pinpointing possible future research areas.

2. Current methodology on shelter site selection in Turkey

After a large-scale disaster, houses become damaged or destroyed,

and a notable number of residents become homeless. Because people

need to continue their everyday life, they must reside in a temporary

place until the disaster recovery process is completed. Because of

this, to address the needs of the affected population, shelter areas are

established. Ideally, these areas should be designed with respect to

quality measurements.

In 1997, several humanitarian organizations and the International

Red Crescent and Red Cross Movement initiated a project to improve

the quality of post-disaster humanitarian operations (Sphere Project

2011). The philosophy is based on two principles: i) the affected pop-

ulation has the right to live with dignity and receive necessary assis-

tance, and ii) whenever human suffering is caused by disaster or such

conflict, any necessary action should be taken in order to suppress

it. The respective project that defines these quality measurements is

called “The Sphere Project”. This publication is an important source

of information in the humanitarian sector as it is the most compre-

hensive document that defines the standards of humanitarian relief

operations, compiled by the most experienced organizations in the

sector.
Table 2

Surface area and population with respect to five earthquake zones in

Earthquake Surface Percentage Popu

zones area square kilometers (1990

First degree 328,995 42 25,05

Second degree 186,411 24 14,64

Third degree 139,594 18 8,25

Fourth degree 97,894 12 7,53

Fifth degree 32,051 4 98

Total 784,945 100 56,47
Because of shelter areas’ importance, they must be strategically

lanned. Ensuring sufficient relief materials such as tents, shelter

its, and construction kits is of course necessary. The responsi-

le organization should also ensure that established shelter areas

re located within a distance from threat zones, while considering

he need for and distance of safe routes between the shelter area and

he homes of affected people and from the shelter area to essential

ervice facilities. Also, ownership and usage rights of each shelter area

hould be pre-determined and any necessary permission should be

btained.

In Turkey, the Red Crescent is the main body responsible for es-

ablishing temporary shelter areas. After a disaster, it determines the

helter locations and supplies the necessary amount of tents in order

o provide residence to the homeless. It is also responsible for sup-

lying enough food and non-food items for those living in the shelter

reas and for ensuring the security of the shelters.

Especially in disaster prone areas like Istanbul, the Turkish Red

rescent defines the eligible sites for shelter areas before the disaster.

n mid 2000s, experts stated that an earthquake is anticipated in

stanbul within 10 years. Because of this, the Turkish Red Crescent and

stanbul Greater Municipality conducted a study in order to define

he potential location of temporary shelter areas. The Turkish Red

rescent has defined 10 criteria to rank potential shelter areas that

an be used in any part of Turkey, which are listed below.

• Transportation of relief items: this criterion measures the acces-

sibility of the shelter area. If main roads are closer to the shelter

areas, transportation of relief items becomes easier.
• Procurement of relief items: relief items are purchased from a

market, supermarket, or warehouse. The closer such an establish-

ment is to the shelter area, the less costly it will be to procure the

items.
Turkey (Özmen et al., 1997).

lation Percentage Forecasted Percentage

) population (1997)

2,683 44 28,498,740 45

2,950 26 16,674,656 26

7,582 15 9,334,138 15

4,083 13 8,129,711 13

5,737 2 1,107,757 2

3,035 100 63,745,002 100
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• Healthcare institutions: it is favorable if a shelter area is close to

a functioning hospital and/or medical clinic(s) so that care can be

provided to those who need it.
• Topography of the terrain: this criterion measures the suitability

of the candidate location for building and daily life. Piedmont, val-

ley, savannah and stream beds are several examples of possible

topographies. Among these examples, savannah is the most de-

sirable as building and living on a plain is easier than in a hilly

area.
• Type of terrain: this criterion measures the hardness of the soil.

Hard soil is less affected by rain and thus is easier to build and live

on.
• Slope of the terrain: this criterion measures the slope of the terrain

upon which the shelter area is established. According to the Turk-

ish Red Crescent, the slope of the terrain of a candidate location

cannot exceed 7 percent and it is better if the slope is between

2 percent and 4 percent.
• Electrical infrastructure: electricity is important for residents to

pursue their daily lives. Many devices used in daily life, including

heat sources, run on electricity. Shelter areas should have electrical

infrastructure where possible.
• Sanitary system: water is one of the most important human needs.

In addition to sustaining life, it is used for cooking, cleaning,

and personal hygiene. To ensure health, water must be properly

treated and disposed of. Because of this, sewage infrastructure is

important for a shelter area.
• Flora of the terrain: trees provide oxygen and shade, which is use-

ful during hot weather. Because of this, dense flora incorporating

trees is preferable for shelter areas.
• Ownership: it is easier to get construction permission if the shelter

area is publicly owned than if privately owned.

It is notable that although it seems imminent, cost is not an is-

ue here. Locating shelter areas after a disaster is a humanitarian

ct and in such cases, quality of service surely outperforms the im-

ortance of cost. Thus, the Turkish Red Crescent is willing to install

nough shelter sites to provide adequate service regardless of its

ost.

These 10 criteria are not equally weighed. They all have respective

eights and each candidate shelter location receives a point between

and 1 for each criterion, which are determined by the Turkish Red

rescent officials beforehand and assigned to each candidate loca-

ion by inspecting it. The grade point of a potential shelter area is

he convex combination of the points obtained from these 10 crite-

ia. The Turkish Red Crescent sorts the potential shelter areas with

espect to their grade points and in a disaster, starts construction in

he ones with the highest grade points until enough shelter areas are

unctioning to house all the affected people.

Careful observation of the methodology of the Turkish Red Cres-

ent in choosing shelter sites reveals that the methodology could be

mproved. The organization does not consider the distance between

eople’s actual homes and the shelter areas. This may result in a sit-

ation where a certain district is very far from all open shelters. This

ill make it hard to reach any open shelter areas from that district,

hich is not favorable.

Utilization of shelter areas is also important. As evident from

able 3a, the shelter area utilizations differ significantly. If there is

o balance between shelter areas, one shelter area may be full while

thers are half utilized. This situation is not desirable as it is more con-

enient to live in less utilized shelter areas. To overcome this issue,

he utilization of each area and the pair-wise utilization difference

f the areas should be considered while selecting the shelter area

ocations and assigning population to them.

In this study, a mixed integer linear programming formulation,

hich chooses the location of shelter areas, controls their utilization

nd assigns population to operating shelter areas, is formulated.
. Literature review

Many studies in the literature discuss facility location in disas-

er relief. These studies can be categorized into three problems: the

mergency medical center location, the relief material warehouse lo-

ation and the shelter site location problem. Although these three

ypes of facilities have different usages, these problems have similar

bjectives such as maximizing the total number of people covered,

inimizing the distance between facilities and the affected popu-

ation and selecting the most reliable set of facilities. Thus, in this

ection, we discuss notable studies regarding these problems.

.1. Emergency medical center location problem

This problem addresses the location of emergency medical centers

hat are established in order to provide medical attention after an

mergency due to a disaster.

Dekle, Lavieri, Martin, Emir-Farinas, and Francis (2005) and

blanedo-Rosas, Gao, Alidaee, and Teng (2009) address the emer-

ency medical center location problem using set-covering models.

ia, Ordóñez, and Dessouky (2007a) consider the same problem by

ntroducing randomness using a scenario analysis, however they face

omputational limitations. These limitations are resolved by Lu et al.

2009)’s heuristic based on an ant colony algorithm. Apart from these

eterministic models, Verma and Gaukler (2011) define a two-stage

tochastic programming model to determine the location of the fa-

ilities while taking transportation of the items into account. While

electing the locations of emergency medical centers, Gül (2008) com-

ines existing facilities with temporary ones and perform a case study

ased on Istanbul, Turkey. Huang, Kim, and Menezes (2010) design a

ariation of the p-median model with the assumption that a center

t a node may fail to respond. Wang and Zang (2006) take emer-

ency occurrence probability for a specific region into account. Paul

nd Batta (2008) and Chang, Tseng, and Chen (2007) optimize loca-

ions of the facilities and crew allocation simultaneously. Toro-Díaz,

ayorga, Chanta, and McLay (2013) deals with ambulance location

nd dispatching decision and provides a genetic algorithm based op-

imization scheme. Lu (2013) offers a p-center based method for this

roblem by minimizing the maximum response time and introducing

andomness by using robust optimization methods.

.2. Relief material warehouse location problem

The relief material warehouse location problem addresses the de-

ision process of locating storage facilities for relief items such as

anned foods, tents, blankets and water.

Balcik and Beamon (2008) deal with the prepositioning of relief

upplies by formulating a variant of the maximum coverage loca-

ion problem (MCLP) and Gunneç (2007) considers a similar problem

sing a variant of the uncapacitated facility location problem (UCFL).

ale and Moberg (2005) formulate a deterministic set-covering prob-

em and propose a four-step site decision process. Similarly, Murali,

rdóñez, and Dessouky (2012) deal with this problem using a vari-

tion of the maximum covering location problem (MCLP). Duran,

utierrez, and Keskinocak (2011) consider the prepositioning prob-

em for CARE International. For the same problem, Görmez, Köksalan,

nd Salman (2011) provide a two-stage multi-objective model that

aximizes the total number of refugees covered and decides on the

ocation of facilities. Yushimito et al. (2012) and Li, Jin, and Zhang

2011) provide a heuristic algorithm for selecting prepositioning ar-

as that tries to find a pre-specified number of facilities to cover all

he demand points and minimize urgency. Han et al. (2011) perform a

ocation–allocation study and their model optimally locates facilities

nd allocates disaster areas to opened facilities while minimizing total

ravel time. Campbell and Jones (2011) and Jia, Ordóñez, and Dessouky

2007b) consider a stochastic prepositioning approach with a single
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areas
demand point, where the demand depends on a probability distri-

bution. Rawls and Turnquist (2010) and Mete and Zabinsky (2010)

provide a stochastic optimization problem to determine the location

and quantity of emergency supplies. Rath and Gutjahr (2014) provide

a heuristic method for determining the location of the warehouses

and routing of the relief items. Apart from the mathematical studies,

Kapucu, Lawther, and Pattison (2007) provide insight on determining

potential sites before selecting final sites.

3.3. Shelter site location problem

Shelter areas are established for the affected people who lost their

homes after a disaster. The shelter site location problem is used for

determining the locations of such areas.

Anping (2010) considers the shelter site location problem after

a disaster by formulating two deterministic mathematical models

that are variations of the maximum set-covering problem. Li and Jin

(2010) consider the stochastic nature of hurricanes and introduced

this randomness by generating different scenarios and respective oc-

currence probabilities. Dalal et al. (2007) consider the same prob-

lem, using a heuristic based clustering approach and Liu et al. (2011)

define the criteria for the shelter location problem and their ideas

may be used while identifying potential locations. Li et al. (2012)

propose a bi-level optimization method for selecting the location of

shelter sites after a hurricane and provide a study with data based

on North Carolina. Alçada-Almeida, Tralhão, Santos, and Coutinho-

Rodrigues (2009) locate shelter sites and identify evacuation routes by

using a multi-objective approach. Coutinho-Rodrigues, Tralhão, and

Alçada-Almeida (2012) provide a solution method for a multi-

objective shelter site location and routing problem.

Anping (2010) and Li and Jin (2010)’s studies are based on cover

models. Dalal et al. (2007) present a clustering based approach that

assumes there will be enough space to build a shelter area in each

cluster. However, this assumption may not always hold. Because of

this, making a decision from a pre-determined set of potential shelter

areas and their capacities is a more solid approach.

To the best of our knowledge, there is no study that determines

shelter area locations from a set of candidates and assigns popula-

tions to those areas while trying to keep all shelter areas as utilized

as possible and minimizing their pairwise utilization difference. Our

study considers these factors, thus offering an important contribution

to the literature.

Moreover, apart from obtaining a solution in case of an emergency,

decision makers will be able to obtain solutions for a set of scenarios

using the model that is explained in the next section. Thus, our study

offers improvements to the methods used in the planning stage of the

disaster cycle, which is quite important in disaster relief.

4. Problem definition and proposed model

As noted, the Turkish Red Crescent ranks potential shelter areas

with respect to a weight function composed of 10 criteria, and opens

areas until there is enough space to house all the affected popula-

tion. However, the Turkish Red Crescent does not consider distances

between districts and shelter areas, nor does it consider shelter area

utilizations.

In this study, we improved the Turkish Red Crescent’s current

methodology on the subject by considering their 10 criteria, deter-

mining district–shelter area assignments, and controlling the utiliza-

tion of open shelter areas and proposed a mixed integer linear pro-

gramming model. In this case, a candidate shelter area is said to be

“open” if it is established and there exists population assigned to

it. On the other hand, a candidate shelter area is said to be “closed’

if sheltering facilities are not established on this candidate location

premises.
To maintain the Turkish Red Crescent’s methodology as much as

ossible, a similar weight function is devised for candidate shelter

reas. However, as the number of criteria increases in this weight

unction, the reliability of the function decreases because of the in-

eraction between different criteria. Thus, we omitted the criteria re-

ated to procurement and transportation of the relief items from the

eight function as they are directly measurable using the travel dis-

ance between shelter areas and the nearest main road. Similarly, the

riterion for health institutions is omitted from the weight function

s it is sufficient to calculate the distance between shelter areas and

ospitals. We furthermore assume that the remaining seven of the 10

riteria, namely, structure, slope, type and flora of the terrain, exis-

ence of electrical and sanitary systems and ownership are included

n the weight function because they are not directly measurable.

In practice, capacities of health institutions are also important.

owever, the Turkish Red Crescent does not take the capacities of

uch institutions into account. Thus, we do not include the capacity

f the health institutions in the model. If necessary, this issue can be

ddressed by limiting the capacity of the shelter areas to the total

apacity of nearby hospitals.

For a settlement to be spacious, at least 3.5 square meters covered

iving space should be assigned to each person in the shelter area.

lso, there should be at least 45 square meters space assigned for

tilities such as roads, sanitation, health, education and nutrition if

hese services are to be provided within the shelter area. Thus, we

nclude these measures while calculating the used capacity for each

andidate location.

In order to feel safe after a disaster, a person would want to be

ith his/her acquaintances. Also, being close to acquaintances is very

mportant to maintain the social structure of the society. We assumed

hat a person has a degree of familiarity with the people that live in

he same district with him/her. Moreover, all affected people would

refer to be located at the closest possible shelter area. Thus, we

ssumed that there is no population splitting (i.e. all people that live

n the same district are assigned to one single location, which is the

losest one to them).

The objective of the mathematical model is to select the best possi-

le combination of shelter areas (i.e. maximize the minimum weight

f open shelter areas) while assigning each district to the closest

pen shelter area, obeying the capacity of shelter areas, controlling

he minimum utilization and pair-wise utilization difference of open

helter areas, and making sure that each open shelter area has a main

oad connection and a health institution within a certain threshold

istance.

The sets, parameters, and the model formulation are presented

elow.

ets

I: set of candidate locations

J: set of districts

arameters

wi: weight of candidate location i, between 0 and 1

dhealth
i

: distance between candidate location i and nearest health

center

droad
i

: distance between candidate location i and nearest main road

Demandj: total demand of district j in terms of square meters

capi: capacity of candidate location i

distSortedij: ith closest candidate location index to demand point j

DistHealth: threshold value for shelter area–health center distance

DistRoad: threshold value for shelter area–main road distance

α: threshold value for pair wise utilization difference of candidate

shelter areas

β: threshold value for minimum utilization of open shelter
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ecision variables

xi:

{
1 if candidate location i is chosen as a shelter area

0 otherwise

yij:

{
1 if district j is assigned to location i

0 otherwise

wmin: minimum weight of operating candidate shelter areas

ormulation

aximize wmin (1)

min ≤ xiwi + (1 − xi) ∀ i ∈ I (2)

j∈J

yij × Demandj ≤ capi × xi ∀ i ∈ I (3)

i∈I

yij = 1 ∀ j ∈ J (4)

health
i

× xi ≤ DistHealth ∀i ∈ I (5)

road
i × xi ≤ DistRoad ∀i ∈ I (6)∑

j∈J yij × Demandj

capi

≥ β xi ∀ i ∈ I (7)

∑
j∈J yij × Demandj

capi

−
∑

j∈J ykj × Demandj

capk

≤ α + (1 − xi)+ (1 − xk) ∀ i ∈ I, k ∈ I, i �= k (8)

distSorted(1,j),j = xdistSorted(1,j) ∀ j ∈ J (9a)

distSorted(i,j),j ≥ xdistSorted(i,j) −
i−1∑
k=1

xdistSorted(k,j) ∀ j ∈ J, i = 2... |I|
(9b)

i ∈ {0, 1} ∀i ∈ I (10a)

ij ∈ {0, 1} ∀i ∈ I, j ∈ J (10b)

(1) is the objective function that maximizes the minimum weight

f open shelter areas. (2) bounds wmin above so that the maximum

alue that this variable can take is in fact the minimum weight of

pen shelter areas. Constraint (3) ensures that the total number of

eople in each shelter area does not exceed its capacity and no one

ets assigned to a shelter area unless it is open. Constraint (4) states

hat each district needs to be assigned to a shelter area. Constraints

5) and (6) apply the threshold distance rule of main roads and health

nstitutions. If there does not exist a main road and a health institu-

ion within the specified threshold distance, then the shelter area is

ot eligible to operate. Otherwise, it can either be operating or closed.

lternatively, the user can preprocess the data and identify the in-

ligible candidate shelter sites, remove them from the candidate set

nd omit constraints (5) and (6). Constraints (7) and (8) control the

tilization of operating shelter areas. Constraint (7) states that if a

helter area is open, then the utilization of that shelter area needs

o exceed the pre-determined threshold value. Otherwise, it becomes

edundant. Constraint (8) states that for any pair of open shelter areas,

he difference of their utilization needs to be less than the respective

hreshold value. Constraints (9a) and (9b) ensure that each district

s assigned to the closest open shelter area, as suggested by Church

nd Roberts (1983). A shelter area is either open or closed. Therefore,

onstraint (10a) states that the decision variable regarding the status

f each shelter area is binary. Moreover, since we do not allow par-

ial assignments, the decision variable regarding the status of each

istrict – shelter area assignment is binary as well, and is stated by

onstraint (10b).
The mathematical model above is developed for planning pur-

oses. As one might see in the formulation, the model contains a

ariety of parameters. In an emergency situation, the decision maker

ay not be able to obtain the best values for each parameter. How-

ver, before a disaster occurs, it is possible to create many scenarios

y varying these parameters, and obtain a plan for each scenario. The

ecision maker can then choose to execute the most suitable plan if

nd when a disaster hits.

To generate scenarios by varying the parameters, the decision

akers can use various techniques. For example, for the dhealth pa-

ameter, which is the distance from a candidate shelter area to its

losest health institution, the decision maker can identify 10 differ-

nt routes and use their length randomly in each scenario. Taking

more advanced approach is possible as well. The decision maker

an increase the number of distinct routes, use statistical tools to ob-

ain a theoretical distribution and generate random variates. For α
nd β , the decision maker can use values from past occasions, or can

ake a more naïve approach by altering these parameters with fixed

ncrements/decrements.

In an extreme case, some health institutions or some roads may

e damaged, or in some cases they may be destroyed because of

he disaster. In using the mathematical model for planning purposes,

he decision maker can evaluate various what–if scenarios related to

his issue. To do so, the decision maker can re-calculate the distance

rom each candidate shelter site to its closest main road and health

nstitution, or remove a site from the candidate set and re-run the

athematical model.

Moreover, performing a sensitivity analysis on the above men-

ioned mathematical model can provide managerial insights to the

ecision makers. By observing the relationship between the input pa-

ameters and the objective value, decision makers can determine the

ost critical values for the parameters and by further scrutinizing

ach individual solution, they can identify the “critical” shelter areas

i.e. the facilities that are used in most of the solutions or the facilities

hat are highly utilized whenever they are in use).

This model has been developed for criteria of Turkish Red Crescent.

owever it can be easily modified for other organizations. Moreover,

n this study the threshold distances were designed for main roads

r hospitals. However, instead of those two, the decision maker can

asily to adapt these constraints to other facilities, such as ports,

arehouses, airports, etc.

. Computational studies

.1. The case of Kartal, Istanbul, Turkey

For computational studies, we use sample data based on the Kartal

istrict of Istanbul, Turkey. The locations of candidate shelter areas,

heir weights and capacities are obtained from Unal (2010). Weights

f candidate shelter areas differ from 0.674 to 0.982 with an average

f 0.827 and a standard deviation of 0.097. Similarly, capacities of the

andidate sites differ from 24,000 square meters to 150,000 square

eters and the average capacity is 49,309 square meters. The district

ata are obtained from Google Maps and the population data are

btained from the Turkish Statistical Institute.

Kartal is one of the 39 districts of Istanbul. Its surface area is

8.54 square kilometers and it is the thirteenth most populous district

f Istanbul, with approximately 425,000 inhabitants. In Kartal, there

re 20 sub-districts and 25 potential shelter area locations. As in Unal

2010), we assumed that approximately 12.5 percent of the popula-

ion would need to stay in shelter areas after an earthquake. Keeping

he percentage of the affected population constant for all sub-districts

ay not seem to be a reasonable approach when the study involves

large geography. However, for studies involved in relatively small

eographies such as Kartal, we believe that keeping this percentage

onstant will not alter the results dramatically.
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Fig. 1. Solution for the basic scenario result for the Kartal district.
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The Turkish Red Crescent assigns 3.5 square meters of living space

to each resident and 45 square meters for group sanitary and dining

facilities. In our computations, we use these measures.

We obtain distance data from ESRI ArcGIS Desktop, a commer-

cial geographical information system. Using Kartal’s road network,

candidate shelter area locations, health institutions, and main road

junctions are pinned on the map. The centroid of each sub-district

is chosen as the representation point. By using the Network Analyst

extension of ESRI ArcGIS Desktop, we calculate the distances from

shelter areas to sub-district centroids, health institutions, and main

road junctions for the mathematical model.

We first generate a basic scenario where each shelter area is at

least 60 percent utilized, their pairwise utilization difference is less

than 20 percent, and there should be a hospital within 5 kilometers

at most of each shelter area. Furthermore, for ease of procurement,

main roads should be within 5 kilometers of all shelter areas. We

solved the mathematical model using these parameters in less than

1 second. The results are schematized in Fig. 1.

In this map, stars represent the open shelter areas, solid circles rep-

resent district centroids and lines represent the assignments. There

are five open shelter areas. The minimum of their weights is 0.827

and their average utilization is 0.863. Also, the longest travel distance

from a district to a shelter area is 3.8 kilometers, which is traversed

by the residents of Ugurmumcu, the northmost sub-district.

Moreover, one can observe in the map that a portion of the pop-

ulation are assigned to the lower-right shelter area B14, which is in

fact closer to shelter area AV2. A similar case can also be observed

for shelter areas AV3 and BO2. Such cases are likely to occur when

irregular-shaped sub-districts are present, which can be resolved by
Table 4a

The objective value when DistHealth = DistRoad = 5.

β \α 1 0.9 0.8 0.7 0.6

0 0.85 0.85 0.85 0.85 0.85

0.1 0.85 0.85 0.85 0.85 0.85

0.2 0.85 0.85 0.85 0.85 0.85

0.3 0.85 0.85 0.85 0.85 0.85

0.4 0.85 0.85 0.85 0.85 0.85

0.5 0.85 0.85 0.85 0.85 0.85

0.6 0.85 0.85 0.85 0.85 0.85

0.7 0.827 0.827 0.827 0.827 0.827

0.8 0.827 0.827 0.827 0.827 0.827

0.9 0.739 0.739 0.739 0.739 0.739
ecreasing the level of aggregation. However, since the most disag-

regated data available for our study was at the sub-district level, we

onducted all of our computations at this level of aggregation.

To observe the behavior of the mathematical model with respect to

roblem parameters, we generate 3000 different scenarios by varying

(threshold value for minimum utilization), α (threshold value for

aximum pairwise utilization difference), and DistHealth and Dis-

Road (threshold distances from shelter areas to the nearest health

nstitution and to the nearest main road). In our instances, β varies

rom 0 to 0.9 with increments of 0.1, and α varies from 1 to 0.1 with

ecrements of 0.1. For DistHealth we use 5, 4, 3, 2.5, 2, and 1.5 kilome-

ers and for DistRoad we use 5, 4, 3, 2.5, and 2 kilometers. We use a PC

ith an Intel Core2Duo T6400 (2.0 gigahertz) processor, 4 gigabytes

AM and Gurobi 4.5.2 to compute the optimal solutions. Given the

ataset, all instances are solved in less than a second.

We observe that as we decrease DistHealth and DistRoad values,

he maximum of the minimum weight of open shelter areas decreases,

nd eventually the problem becomes infeasible. As DistHealth and

istRoad became smaller, the number of eligible shelter areas de-

reases. Because of this, the model is forced to select shelter areas

ith smaller weights, and eventually the objective value decreases.

he tables below (Tables 4a, 4b, and 4c) show the objective values with

ifferent β and α values, with DistHealth and DistRoad 5; DistRoad 5

nd DistHealth 1.5; and DistRoad 2 and DistHealth 5 respectively.

From Table 4a, we observe that the value of objective function

s 0.85 for β smaller than 0.7 and for α greater than 0.3 and after

nspecting each solution individually; we observe that the solution

f the mathematical model is different for each instance. However,

he solution that is obtained when β is equal to 0.6 and α is equal
0.5 0.4 0.3 0.2 0.1

0.85 0.85 0.85 0.827 0.827

0.85 0.85 0.85 0.827 0.827

0.85 0.85 0.85 0.827 0.827

0.85 0.85 0.85 0.827 0.827

0.85 0.85 0.85 0.827 0.827

0.85 0.85 0.85 0.827 0.827

0.85 0.85 0.85 0.827 0.827

0.827 0.827 0.827 0.827 0.827

0.827 0.827 0.827 0.827 0.827

0.739 0.739 0.739 0.739 0.739
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Table 4b

The objective value when DistHealth = 1.5 and DistRoad = 5.

β \α 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

0 0.739 0.739 0.739 0.739 0.739 0.739 0.739 INF INF INF

0.1 0.739 0.739 0.739 0.739 0.739 0.739 0.739 INF INF INF

0.2 0.739 0.739 0.739 0.739 0.739 0.739 0.739 INF INF INF

0.3 0.739 0.739 0.739 0.739 0.739 0.739 0.739 INF INF INF

0.4 0.739 0.739 0.739 0.739 0.739 0.739 0.739 INF INF INF

0.5 0.739 0.739 0.739 0.739 0.739 0.739 0.739 INF INF INF

0.6 0.739 0.739 0.739 0.739 0.739 0.739 0.739 INF INF INF

0.7 INF INF INF INF INF INF INF INF INF INF

0.8 INF INF INF INF INF INF INF INF INF INF

0.9 INF INF INF INF INF INF INF INF INF INF

Table 4c

The objective value when DistHealth = 5 and DistRoad = 2.

β \α 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

0 0.827 0.827 0.827 0.827 0.827 0.827 0.827 0.827 0.739 0.739

0.1 0.827 0.827 0.827 0.827 0.827 0.827 0.827 0.827 0.739 0.739

0.2 0.827 0.827 0.827 0.827 0.827 0.827 0.827 0.827 0.739 0.739

0.3 0.827 0.827 0.827 0.827 0.827 0.827 0.827 0.827 0.739 0.739

0.4 0.827 0.827 0.827 0.827 0.827 0.827 0.827 0.827 0.739 0.739

0.5 0.827 0.827 0.827 0.827 0.827 0.827 0.827 0.827 0.739 0.739

0.6 0.827 0.827 0.827 0.827 0.827 0.827 0.827 0.827 0.739 0.739

0.7 0.739 0.739 0.739 0.739 0.739 0.739 0.739 0.739 0.739 0.739

0.8 0.739 0.739 0.739 0.739 0.739 0.739 0.739 0.739 0.739 0.739

0.9 0.739 0.739 0.739 0.739 0.739 0.739 0.739 0.739 0.739 0.739
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o 0.3 is feasible for all other instances with an objective value 0.85.

hus, we can say that there are plenty of alternative optimal solutions.

imilarly, for the cases where the value of the objective function is

.827, a similar case occurs with two different solutions.

However, when β is 0.9, the utilization difference of the shelter

reas can be at most 0.1. Thus, for all choices of α, the mathemati-

al model has the same feasible set and therefore reports the same

olution. This situation implies that if the β is chosen beforehand, α
an be at most 1 − β . If α is chosen to be greater 1 − β , then the

easible set of the problem will be the identical to the feasible set of

he problem where α is equal to 1 − β . Similarly, if α is chosen first,

hen β needs to be at most 1 - α. In general, we can say it is logical to

hoose α and β in a fashion that their sum should be at most 1.

Also, when we increaseβ and decreaseα while keeping DistHealth

nd DistRoad constant, the average utilization of open shelter areas

ncreases. This increase is expected because as β (the minimum uti-

ization threshold) increases the minimum utilization of open shelter

reas increases. Table 5 shows the average of the average utilization

ver 30 different DistHealth and DistRoad combinations with differ-

nt β and α values.

Moreover, as the objective value changes, the set of open shelter

reas are not identical, but they are not totally different. For example,

onsider the case where DistHealth is 5 and DistRoad is 2. Among
Table 5

The average of the average utilization.

β \α 1.0 0.9 0.8 0.7 0.6

0.0 0.671 0.687 0.692 0.720 0.779

0.1 0.688 0.691 0.716 0.724 0.755

0.2 0.711 0.711 0.717 0.725 0.764

0.3 0.717 0.713 0.697 0.713 0.756

0.4 0.761 0.758 0.762 0.762 0.762

0.5 0.782 0.783 0.777 0.777 0.783

0.6 0.804 0.815 0.814 0.814 0.814

0.7 0.880 0.880 0.880 0.880 0.880

0.8 0.904 0.904 0.904 0.904 0.904

0.9 0.971 0.971 0.971 0.971 0.971
ifferent values of β and α, there are two different objective values,

.739 and 0.827. In all cases where the objective value is the same, the

et of open shelter areas are the same. However, when the set of open

helter areas of these two cases are inspected, it can be seen that the

wo sets are not identical and their intersection is not empty. Given

wo solutions, if the set of open shelter areas is identical, then the as-

ignment between districts and open shelter areas is identical as well.

n the contrary, if two sets are not identical, then the assignments

re not identical.

As evident from Table 5, when β is 0.7, the average of the average

tilization does not change until α is decreased to 0.2. A similar case

ccurs when β is 0.8 and α is between 1.0 and 0.2 and when β is 0.9.

his means that in those cases, regardless of DistHealth and DistRoad,

he mathematical model yields the same optimal solution.

Similarly, as we increase β and decrease α while keeping

istHealth and DistRoad constant, the number of open shelter ar-

as decreases. This is expected because as the minimum utilization

hreshold increases the model tries to utilize the open shelter areas

ore and more and therefore it opens fewer shelter areas. Table 6

hows the maximum number of open shelter areas over 30 different

istHealth and DistRoad combinations with different β and α values.

In Table 6, we observe that when β is 0.9, at most two shelter areas

re opened in the solution. When the same data for the minimum
0.5 0.4 0.3 0.2 0.1

0.779 0.787 0.797 0.875 0.875

0.769 0.792 0.798 0.875 0.875

0.771 0.785 0.785 0.877 0.877

0.763 0.793 0.797 0.877 0.877

0.764 0.797 0.798 0.875 0.875

0.783 0.808 0.808 0.872 0.885

0.814 0.814 0.823 0.899 0.918

0.880 0.880 0.880 0.881 0.918

0.904 0.904 0.904 0.904 0.933

0.971 0.971 0.971 0.971 0.971
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Table 6

The maximum number of shelter areas opened.

β \α 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

0 8 8 6 6 6 6 6 6 5 5

0.1 7 7 7 6 6 6 6 6 5 5

0.2 6 6 6 6 6 6 6 6 5 5

0.3 5 5 5 5 5 5 5 4 4 4

0.4 5 5 5 5 5 5 5 4 4 4

0.5 5 5 5 5 5 5 5 4 4 4

0.6 5 5 4 4 4 4 4 4 4 4

0.7 5 5 4 4 4 4 4 4 4 4

0.8 5 5 4 4 4 4 4 4 4 4

0.9 2 2 2 2 2 2 2 2 2 2

Table 7

Number of infeasibility cases for each α, β pair.

β \α 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

0 2 2 2 2 2 2 2 7 8 10

0.1 2 2 2 2 2 2 2 7 8 10

0.2 2 2 2 2 2 2 2 7 8 10

0.3 2 2 2 2 2 2 2 7 8 10

0.4 2 2 2 2 2 2 2 7 8 10

0.5 2 2 2 2 2 2 2 8 8 11

0.6 2 2 2 2 2 2 2 8 8 13

0.7 8 8 8 8 8 8 8 8 8 13

0.8 10 10 10 10 10 10 10 10 10 13

0.9 15 15 15 15 15 15 15 15 15 15
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Table 8

The value of the objective function with different values of percent affected.

Percent affected Objective Percent affected Objective

10 0.85 15.5 0.803

10.5 0.85 16 0.801

11 0.847 16.5 0.801

11.5 0.847 17 0.801

12 0.847 17.5 0.801

12.5 0.827 18 0.801

13 0.827 18.5 0.801

13.5 0.809 19 0.801

14 0.809 19.5 0.795

14.5 0.803 20 0.739

15 0.803
number of shelter areas are inspected, we observe that the minimum

is 2 for all cases when β is 0.9. This implies that when β is 0.9,

regardless of DistHealth, DistRoad, and α, the optimal solution is the

same.

We also measure the number of infeasibilities in each α, β pair

among 30 different combinations of DistHealth and DistRoad. As we

increase β and decrease α, the number of infeasible cases increases.

Table 7 shows the number of infeasible cases for each α, β pair.

When DistHealth is 2 or 1.5 and DistRoad is 2, all instances return

infeasible because there are not enough eligible shelter areas to house

all the population. As evident from Table 7, when β is less than or

equal to 0.6 and α is greater than or equal to 0.4, the only infeasible

cases are the ones noted above. However, as we narrow the feasible

set by increasing β and decreasing α, depending on the values of

DistHealth and DistRoad, more infeasible cases occur.
(a) (b

Fig. 2. (a) Centroids of Van’s 27 districts. (b) L
In all those 3000 instances, we assume that 12.5 percent of the

opulation will be in need of temporary shelters. In addition to those

nstances, we generate 20 additional instances to observe the effect

f the percentage of affected population on the value of the objective

unction. In those 21 instances, the values of β , α, DistHealth and

istRoad are equal to the ones that we use in the base case scenario

nd the percentage of affected population changes from 10 to 20,

ith increments of 0.5. From Table 8, it can be observed that as the

ercentage of affected population increases, the value of the objective

unction decreases. The solution of each instance is different, even for

he ones with the same objective value. However, in each solution that

eturned the same objective value, the shelter area with the minimum

eight is the same. The objective value of each solution can be found

n Table 8.

.2. Case study on Van, Turkey

On October 23rd, 2011, an earthquake with a magnitude of 7.2 on

he Richter scale hit the province of Van, Turkey. According to the

urkish Red Crescent’s report, hundreds of thousands people were

ffected in Van and other surrounding cities. Along with other relief

perations, the Turkish Red Crescent established four shelter sites in

an in order to provide living area to those in need.

In order to compare the proposed model with the Turkish Red

rescent’s methodology, we perform a case study on the Van earth-

uake. To do so, in addition to the four shelter areas that the Turk-

sh Red Crescent had determined, we identify 40 additional candi-

ate shelter locations. The candidate locations are empty lots and
)

ocations of 44 candidate shelter areas.
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(a) (b)

Fig. 3. (a) Turkish Red Crescent’s solution. (b) Our solution.

Table 9

Comparison of Turkish Red Crescent’s solution and our solution.

TRC’s solution Our solution

The maximum distance (m) 5486.645 5486.645

The minimum utilization 0.095 0.277

The maximum utilization 0.767 0.967

The average utilizaton 0.375 0.569

Total distance (m) 110607.517 107317.701
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choolyards. For schoolyards, we take the capacity as 20,000 square

eters on average and for the lots we take the capacity as 100,000

quare meters on average. As in the Kartal case, we choose districts as

he population areas. In the center of Van, there are 27 districts. The

ap of districts and candidate locations can be found in Fig. 2a and b

espectively.

After determining the points representing the population candi-

ate shelter area locations, we use our proposed model. As in the

artal case, we calculate all necessary distances using ESRI ArcGIS

esktop and use 5 kilometers for the DistHealth and DistRoad param-

ters. For α and β , we use 1 and 0.2, respectively. As the attributes

f the candidate locations are not available to us, we assume the

eight values of the candidate locations are equal to 0.5. Moreover,

n order to obtain a solution that is comparable to the one that the

urkish Red Crescent applied, we add a constraint in order to limit

he number of open shelter areas to 4. The map of the Turkish Red

rescent’s solution and our solution can be found in Fig. 3a and b re-

pectively. Also, the comparison of the two solutions can be found in

able 9.

As one can interpret from the two maps, the solutions are quite

imilar except the top-center shelter site. Our model decided to open

different shelter site in that zone and the population-shelter site

ssignment changed according to the nearest neighbor constraints.

he comparison of the two solutions can be found in Table 9. One

an see from the table that the difference between maximum and

inimum utilizations does not differ significantly and the average

tilization is to the midpoint of the range in both cases. Moreover,

he maximum distance traversed by a person in both solutions is

he same. However, it can be seen from the table that our solution

s slightly better in terms of total distance travelled. Therefore, we
an conclude that the Turkish Red Crescent’s solution is already good

nough, however, our methodology is able to find a slightly better

ne.

. Conclusion and future work

In this study, we address the problem of locating temporary shelter

reas after a disaster. We review the relevant literature and develop

mathematical model to select the best shelter area locations from

set of criteria. The model determines shelter area locations and

atches population areas (districts) with the nearest open shelter

hile taking shelter area utilizations into account. We test the model

sing the data for Kartal, a district of Istanbul.

By varying the problem parameters, we test our model on 3000

ifferent instances using the Kartal data. After inspecting the outputs,

e observe that when the threshold distances to health institutions

nd main roads decrease, the objective value also decreases. Also, as

he value of β increases and the value of α decreases, the average uti-

ization of open shelter areas increases and the number of open shelter

reas decreases. Lastly, increasing the value of β and decreasing the

alue of α result in an increase in the number of infeasibility cases

ver different DistHealth and DistRoad values. The model returns a

olution for the Kartal case in less than 1 second.

We also implement our model with real data of the Van province in

urkey and compare our solution to the Turkish Red Crescent’s imple-

entation for the 2011 Van earthquake. Provided that the Turkish Red

rescent already has a good implementation, our solution is slightly

etter.

We mentioned earlier that the purpose of this mathematical model

s to assist the planning stage of a possible disaster recovery process.

herefore, since an exact solution can be obtained in less than a sec-

nd, we can assume that the decision maker has enough time to run

he model for sufficiently large number of scenarios. Thus, develop-

ent of a heuristic algorithm for this problem is not necessary at this

tage.

Our model considers a deterministic case where the number of af-

ected people is known. However, in the aftermath of a disaster, such

ata is usually not immediately available to decision makers. To com-

ensate for this drawback, the mathematical model can be extended

n a robust optimization model to consider different scenarios.
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