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Abstract;

Quick responses to sudden-onset disasters and the effective allocation of rescue and relief
resources are vital for saving lives and reducing the suffering of the victims. This paper deals with the
problem of positioning medical and relief distribution facilities after a sudden-onset disaster event.
The background of this study is the situation in Padang Pariaman District after the West Sumatra
earthquake. Three models are built for the resource location and deployment decisions. The first model
reflects current practice where relief distribution and victim evacuation are performed separately and
relief is distributed by distribution centers within administrative boundaries. The second model allows
relief to be distributed across boundaries by any distribution center. The third model further breaks
down functional barriers to allow the evacuation and relief distribution operations share vehicles.
These models are solved directly for small problems and by using a direct approach as well as
heuristics for large problems. Test results on small problems show that resource sharing measures,
both across boundaries and across different functions, improve on current practice. For large problems,
the results give similar conclusions to those for small problems when each model is solved using its

own best approach.
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1. Introduction

Natural disasters kill thousands of people, affect millions of others and cause huge economic
damage every year. Furthermore, the frequency of disasters has shown an increasing trend in recent
decades. Natural disasters were classified into slow onset disasters and sudden onset disasters by Van
Wassenhove (2006). An earthquake is a typical example of a sudden-onset disaster which happens
suddenly and is difficult to predict. A strong earthquake could cause damage to areas over a hundred
kilometers away from the epicenter, and the emergency disaster response period could last for two
weeks. This paper studies a logistics decision problem for victim evacuation and relief distribution in
response to this type of disaster. In the remainder of the paper, we simply use disaster to refer to this

type of disaster.

To reduce loss of life and the suffering of survivors, any disaster needs to be quickly responded to
with on-site actions such as establishing temporary shelters and/or temporary medical facilities,
evacuating victims, and distributing relief goods to the victims. Resources for the response to a
disaster are often limited, and so it is common that a variety of organizations from different places
become involved in the operations. This increases the complexity of management and calls for good
coordination (Balcik et al., 2010; Coppola, 2007; Nolte et al., 2012). Different parties may be
involved at different time periods (Norio et al., 2012), meaning that resources for disaster response are
not always available at the same time points. These resources include vehicles (e.g., Pedraza Martinez
et al., 2011; Jotshi et al., 2009) and temporary medical facilities (e.g., Abolghasemi et al., 2006; Merin
et al., 2010). For an effective response to a disaster, information on resource availability is crucial.

This information is dynamic in nature.

In this study, we consider the logistics decision problem in the emergency response phase with
dynamic information on resource availability. The decisions in the problem include determining the
locations of temporary medical facilities and relief distribution centers as well as deploying vehicles
for carrying out relief distribution and victim evacuation operations. Temporary medical facilities
represent medical teams coming with equipment from outside the disaster region. By modeling the

problem under different assumptions, we investigate the benefit of coordination.

Our literature search found little previous work that deals with all three decisions on resource
location, relief distribution and victim evacuation in response to a disaster. Sheu and Pan (2014)
propose a centralized emergency supply network integrating shelter sub-network, medical
sub-network and distribution sub-network. A three-stage design approach is taken. Each stage
designs one of the sub-networks using a mathematical programming model. The sub-
networks are integrated sequentially with the result of an earlier stage used as input for a later
stage. The models do not decide the deployment of transportation resources, but consider

flow capacities as given constraints. Yi and Ozdamar (2007) propose models to make decisions on



vehicle routing and the transportation of different commodities over time. The locations of emergency
centers are not explicitly modeled as discrete decisions; rather, all potential temporary sites are
considered with variable capacities, the allocation of personnel and other resources are modeled as
decisions and these resources may be moved around during the planning horizon. Yi and Kumar
(2007) consider the routing and distribution problem with fixed demand and supply locations and
develop an ant colony optimization heuristic to solve the problem. Manopiniwes and Irohara (2017)
develop stochastic programming models to make pre-disaster decisions on the locations and
stock amounts of relief distribution centers, considering also post-disaster relief distribution
and victim evacuation decisions in different disaster scenarios with probabilities. A known
fleet of identical vehicles is assumed. Uster and Dalal (2017) propose a mixed integer linear
programming model for designing emergency preparedness network. The decisions include
locations of distribution centers, locations and capacity levels of shelters as well as
assignment of evacuee source-to-shelter and shelter-to-distribution center assignments. The
model tries to minimize two criteria, the maximum distance traveled by evacuees and the
system cost. Moreno et al. (2016) study a multiperiod location-transportation problem for
relief distribution and propose a method to solve the problem in two stages: location of relief
centers and assignment of vehicles in the first stage and decision on distribution plan in the
second stage. Vehicle resources are considered known and unchanged during the planning
horizon. Najafi, et al. (2013) propose a multi-objective model to schedule vehicles for transporting
relief commaodities and injured people, considering uncertainties. A vehicle may be used to transport
commodities or people at different times, but the locations of demand and supply as well as hospitals
are all considered to be known in advance. In our problem, however, temporary medical centers have
to be located to accommodate the temporary medical teams and their equipment, and once established
cannot be easily relocated in the planning horizon. In addition, medical teams may come at different

times and the exact arrival time of each team may not be known in advance.

Most other previous research considers one aspect of disaster logistics — victim evacuation or
relief distribution. On victim evacuation and treatment, Drezner et al. (2006) model a problem of
locating casualty collection points considering multiple criteria. Jotshi et al. (2009) study a problem of
dispatching and routing emergency vehicles to pick up casualties and sending them to hospitals. Jia et
al. (2007) and Huang et al. (2010) consider the characteristics of large-scale emergencies and propose

location models to determine the locations of medical services.

For relief distribution, Balcik et al. (2008) propose models for generating distribution routes from
local distribution centers to demand locations and deploying vehicles on these routes. Li et al. (2011)
develop a multi-objective optimization model for facility location and relief transportation and propose

a genetic algorithm to solve it. Widener and Horner (2011) present an allocation model for distributing



aid. Afshar and Haghani (2012) propose an integrated model to determine the locations of temporary
facilities, vehicle routes and delivery schedules of relief commodities. Lin et al. (2012) take a two-
phase approach to locating temporary depots, allocating demand points to the depots and then
considering detailed operations for relief distribution. Huang et al. (2015) develop an integrated multi-
objective optimisation model for efficient distribution and delivery of humanitarian aid from supply
locations to demand locations through a transportation network. There has been other research
focusing on pre-disaster location of resources to prepare for efficient relief distribution operations
considering possible disaster occurrences (e.g., Balcik and Beamon, 2008; Salmeron and Apte, 2010;

Rawls and Turnquist, 2012; Kusumastuti et al., 2013).

In this research we include both relief distribution and victim evacuation. In deciding the
locations of temporary facilities, we consider the constraint of vehicle resources and allow sharing of
vehicles in the two operations. The rest of the paper is organized as follows. Section 2 describes the
problem studied and provides the general framework for solving the problem. The models used to
locate the temporary facilities and to deploy vehicles are presented in Section 3. Section 4 presents
two heuristics for solving the models quickly. Computational experiments comparing the performance

of the models are reported in Section 5. Finally, conclusions are given in Section 6.

2. Problem Description and Solution Framework
2.1 Background

The background of this study is the situation in Padang Pariaman District after the West Sumatra
earthquake. The situation is typical in Indonesia where earthquakes strike frequently. Our field study
reveals that, at different levels, the Indonesian government takes both proactive and reactive measures
for disaster management. The main government departments responsible for disaster response are the
Ministry of Social Affairs and the Ministry of Health (see also Kusumastuti et al., 2013). As a
proactive measure, the Ministry of Social Affairs has built warehouses at the national and provincial
level and some at district/municipality levels, whereas the Ministry of Health has set up some Centers
for Disaster Management. In each district/municipality, there is usually also a warehouse for medical-
related goods. From these facility locations, commodity supplies as well as medical teams are
dispatched to disaster areas when a disaster strikes. There are also hospitals and other medical

facilities serving as destinations of injured victims in the disaster areas.

When a disaster strikes, existing facilities may have been incapacitated or become only partially
functional and so cannot provide service optimally. In most cases, there are additional relief goods and
medical teams coming from outside in response to the disaster. It is vitally important to position and
deploy resources so as to evacuate victims and distribute relief efficiently. Therefore, reactive

measures are also taken. Currently in Indonesia, the operations of victim evacuation and relief



distribution are conducted separately by the Ministry of Health and the Ministry of Social Welfare
respectively. A National Board for Disaster Management and its derivatives have already been set up
in several provinces and municipalities/districts, which are given command authority to coordinate
various agencies involved during the response phase after a disaster. How to take advantage of this
new establishment to coordinate the two operations is yet to be explored and has motivated our

research.
2.2 Problem statement

Based on the practice in Padang Pariaman District after the West Sumatra earthquake, disaster
management is carried out at three levels. For model purposes and for consistency, we will use the
following terms. The whole district affected by the disaster will be referred to as the region which
comprises several sub-regions. Each sub-region consists of a number of disaster areas. Each disaster
area is a basic unit which will be treated as a point and so local transportation within a disaster area
will not be considered. This three-level structure models the problem in reasonable detail and at the
same time keeps the complexity of the model manageable. Figure 1 shows a schematic example of the

region, sub-regions and disaster areas.

The region is divided The two sub-regions are subdivided

The region into 2 sub-regions into 6 and 7 disaster areas, respectively

Figure 1 A schematic example of region, sub-regions and disaster areas

Immediately after a disaster happens, information on damage is gathered to guide decisions for
disaster relief operations. This known information includes the estimated number of injured victims
and the estimated number of injury-free sufferers in each disaster area, distribution centers and
hospitals that are still functioning, potential sites that can be used for temporary distribution centers
and/or medical centers, available vehicles that can be used for victim evacuation and/or relief
distribution, and the estimated travel time between any pair of relevant locations (e.g., existing
distribution centers, hospitals, temporary distribution centers, temporary medical centers, and disaster

areas), taking into account road damage.

Medical teams with equipment come from other regions or even other countries over time. Each
medical team will be sent to a site and will serve as a temporary medical center. More vehicles may
also become available over time. Accurate information on these resources will only become available
on the day they arrive. While the incoming medical facilities and vehicles may also leave the disaster

region at different times, it is sensible to assume that none of them will leave at the same time as they



arrive. To make the relief operation possible, it is also sensible to assume that there are at least one
distribution center and at least one medical facility in every time period within the planning horizon. A
time period here can be taken naturally as one day and the planning horizon is the time span of the

emergency response phase, for example two weeks.

Our problem is (a) to determine the locations of temporary distribution centers and temporary
medical centers, (b) to allocate each disaster area to a distribution center (existing or temporary) and to
a hospital or medical center (existing or temporary), and (c) to deploy vehicles for distributing relief
goods to disaster areas from their allocated distribution centers and for evacuating injured victims
from the disaster areas to their allocated medical centers (including hospitals). The evacuation may
include injury-free victims who need to be evacuated and taken care of. The term “injured victims”
will be used to mean all the victims that need to be evacuated. “Injury-free victims” will be used to
mean those who do not need to be evacuated from the areas they are. Relief goods need to be

distributed to these areas for them use.

Once the location of a temporary center is determined, it will not be changed during the planning
horizon, because re-locating a center will waste time and resources and will delay the disaster relief
operations. Vehicles for relief distribution and/or for victim evacuation are assumed to use particular
sites as bases. All available vehicles can be reallocated at the beginning of each period. Once a vehicle
is allocated to a site at the beginning of a time period, it will serve the site during that whole period.

There are two types of relief goods. The demand for Type-1 is reoccurring. Examples of this type
include food, medicine and clean water. The demand for Type-2 is one-off in the planning horizon.
Examples of this type include tents and clothes. Because of the proactive measures taken before the
disaster, supplies of relief goods are sufficient and can be considered as unlimited. If the victims
experience a shortage of relief goods, they will suffer. This type of suffering is represented by the
unsatisfied relief demand of victims multiplied by the duration over which the demand is not met.
Similarly, before injured victims are evacuated, they continue to suffer. This type of suffering is
represented by the number of un-evacuated injured victims multiplied by the duration of their waiting
for evacuation. The total suffering for an area is the weighted sum of these two types of suffering. The
objective of decisions in the problem is to minimize suffering in the worst area as well as the total

suffering in all areas.
2.3 Framework of the solution approach

We develop mathematical models to decide the locations of temporary medical centers and
temporary relief distribution centers and the allocation of disaster areas and vehicles to these centers.
Representing different management policies, three different models are developed. These will be

presented in the next section.



We further propose the following approach to make decisions using these models in response to
the dynamic arrivals of resources. Any of the above three models can be run in this framework.
Immediately after the disaster, the model is run considering the existing facilities and available
temporary facilities to be located and the demands and vehicles to be allocated. The decisions will be
implemented and operations will be carried out according to the results until the next run of the model.
At the beginning of the next period or when new resources become available, the model is run again to
plan and modify decisions for operations in the remaining periods using updated information at the
time. Temporary facilities located in previous periods are treated as existing ones, and the demands
that are already satisfied will not be considered in the subsequent model runs. In each run, the
planning horizon of the model is from that time point to the end of the emergency response phase. It is
worth emphasizing that the result of each run is only actually implemented for the period until the next
run. At the end, the overall performance of a decision model is calculated based on the decisions
actually implemented in each period for the whole emergency response phase. Figure 2 illustrates this
framework. The approach is implemented in the experiments to test and compare the performance of

the models. The experimental results will be presented in Section 5.

}47 The whole duration of the emergency response phase 4%
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Figure 2 Illustration of model runs in the solution approach

3. The Models

The problem studied here shares a similar structure with a location-allocation problem. However,
there are also significant differences. We try to minimize victim suffering in the worst area as well as
total suffering over all areas. Therefore, the problem has a mixed feature of p-center and p-median
types. Location-allocation models consider the total demand of each demand point, but do not consider
transportation resource constraints and the timings for satisfying demand. In our problem, victim
suffering depends on when their demands are satisfied, which is closely related to the availability of
transportation resources and the decisions on their deployment. In this section, we present three

different models for this problem.



3.1 Model I: The current practice

In the current practice as in the West Sumatra case, relief distribution and victim evacuation are

carried out by different government agencies. To reflect this, these two parts can be considered as two

sub-systems and modeled separately. Thus model | consists of two sub-models: sub-model la for relief

distribution and sub-model Ib for victim evacuation. In addition, the current practice allows relief

distribution to areas in a sub-region only from a distribution center within the sub-region.

To present the model, we first define the following notation. Some of these will also be used in

the other two models later.

Sets and parameters:

R

AT

m

in
FO

Cap]

VH

VA

Set of sub-regions in the disaster region, R ={1,2, ...,n,.};

Set of disaster areas in sub-regionr € R, N,eg A" = @;

Set of all disaster areas, A = U,cgr A"}

Set of existing sites with distribution centers in sub-region r € R, N,eg D} = O;
Set of existing sites with medical facilities;

Capacity (number of injured victims can be handled per period) of the medical facility at
existing site k, k € M,; Capj* = 0 for k ¢ M,;

Set of candidate sites for temporary distribution centers in sub-region r € R, N,.cg P = 0;
Set of candidate sites for temporary medical facilities;

Set of all sites either with existing distribution centers or candidates for distribution centers

in sub-region r, a;= D} U P, D5 N P} = @;

Set of all sites either with existing medical facilities or candidates for medical facilities, a,,,=
MyUP,, M, NP, =0;

Set of time points from the current time to the end of the planning horizon, T =
{OI 1121 e lnt};

Set of temporary medical facilities arriving at time point 0 of model implementation;
Capacity (number of injured victims can be handled per period) of temporary medical
facility j, j € F{™; VG Set of vehicle types used for relief distribution in the current practice;
Set of vehicle types used for victim evacuation in the current practice;

Set of all vehicle types, VA =VG UVH,VG N VH = @;

Estimated travel time (including loading-unloading time) from disaster area i to site k;
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GO%,

Pn

Z0%

Capf

Capﬁ

rout
Vog

in
vh

out
th

Estimated travel time from site j to site k;
Estimated total number of injury-free victims in disaster area i (in number of people);

Un-evacuated injured victims in disaster area i at the beginning of model implementation (in

number of people);

Total amount of type-1 relief goods needed per time unit per person (in volume unit per

person per time unit);

Total amount of type-2 relief goods needed per person during planning horizon (in volume

unit per person);

Inventory level of type-1 relief goods in disaster area i at the beginning of model

implementation (in volume unit);

Total amount of type-2 relief goods already sent from site k to disaster area i up to the

beginning of model implementation (in volume unit);

Penalty for unmet demand for type-1 relief goods of a victim during a particular time period,;
Penalty for unmet demand for type-2 relief goods of a victim during a particular time period;
Penalty for an un-evacuated injured victim during a particular time period;

Number of vehicles of type v already available at site k at the beginning of model

implementation;

Capacity of each vehicle of type v when used for relief distribution (in volume unit);
Capacity of each vehicle of type v when used for victim evacuation (in number of people);
Time availability in one time period (in time unit);

A very big positive number;

Maximum number of temporary distribution centers to establish in sub-region r;

Number of new vehicles of type v € VG for relief distribution becoming available at the

beginning of model implementation in sub-region r;

Number of vehicles of type v € VG for relief distribution leaving sub-region r at the

beginning of model implementation;

Number of new vehicles of type v € VH becoming available for victim evacuation at the

beginning of model implementation;

Number of vehicles of type v € VH for victim evacuation leaving the disaster scene at the

beginning of model implementation;



Decision variables:

XX Maximum amongst the weighted unmet relief demands in disaster areas in A”,r € R during

the planning horizon;

XY Maximum among the weighted numbers of un-evacuated injured victims in disaster areas

during the planning horizon;
Sh Type-1 relief goods shortages in disaster area i at time point ¢ (in volume unit);
Sz Type-2 relief goods shortages in disaster area i at time point ¢ (in volume unit);
Wit Number of un-evacuated injured victims in disaster area i at time point t;

E;x:  Number of injured victims evacuated from area i to site k in the period from time point ¢ to
t+1;

Ik Inventory level of type-1 relief goods in disaster area i at time point t;

Gx,  Total amount of type-1 relief goods sent from site k to disaster area i in the period from time

point t to t + 1 (in volume unit);

G2,  Total amount of type-2 relief goods sent from site k to disaster area i in the period from time

point t to t + 1 (in volume unit);

{1, if medical facility j is located to temporary site k.
Uk = - ’
J 0, otherwise

open _ {1, if site k is open
k- |0, otherwise

U, = {1, if temporary distribution center is located to site k_
k=10, otherwise ’

_{1, if goods needed in area i are sent from site k in the period fromttot + 1,
tkt™0, otherwise

in the period from time pointt to t + 1 ;

1, if injured victims in area i are transported to site k
Xikt = {
0, otherwise

Z2L Number of vehicles of type v at site k from period ¢ to t + 1;

ikt Number of vehicles of type v already available at site j moved from site j to site k at time
point ¢;

" Number of new vehicles of type v arriving at the beginning of model implementation

assigned to site k;

zleave: Number of vehicles of type v leaving site k at the beginning of model implementation;
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Dy Vehicle resources (total vehicle capacity-time) allocated/required for making trips between

area i and site k in the period from time pointt to t + 1;

Sub-model la: Relief distribution

In model I, relief distributions in different sub-regions are performed independently. Therefore,

sub-model la below is for each sub-region r.
Minimize [A"| - XX + Yiear 2oli(pg - St + p2-t-SE
Subject to
Yiti(pg Sk + pa-t-SH) < XX, Vie AT
IL =10}, vieA"
viko. = 0,Vj €ag k €ag, veEVE
gt Wi + H) = Ifq — Lkeal; Giie-1 = Sig — lip, Vi € A7, t € T\{0}
g% Wix + Hp) — Ykepy GOf — Tkear, Xt Gikr < Si, Vi € AT, t € T\{0}
2ty " (Gie + Gfir) < Dy + M- (1= Yy), Vi € A",k € af, t € T\{n,}
Ghie+ G — M Yy <0,Vi€ A" k€al,teT\{n}
Yrer; U < Ngc
Yiear Yiee <M * Uy, Vk € Pg, t € T\{n;}
Skeay Yiee = 1, Vi € AT,t € T\{n;}
Yiear Die < Twveve(tp - Capy - Zjt) — ¥ jear Lveve(tix - Capy - Zgjpe®)
T\{n:}
ZO5K + Zi" = Zuf™° + Bjear Zojio’ — Ljeay Zowgo. = Zuko, YV k € agq, v EVG
Ziir-1 + Bjear Zojet’ ~ Lieay Zowgt: = Zoke: Vk € af, t € T\{O,ne}, v € VG
Yreal Zojre. = Zg},lt—r Vj€ag teT\{0O,n}, vEVG
Skeay 236" = V" v VG
Skeay Zoi S = Vog v EVG
zleave < 704l vk € al, v EVG
Yveve Zoke — MU, <0, Vk € Pj,t € T\{n;}

XX =20
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()

M)
)
@)
(4)
®)
(6)
(1)
(8)

9)
(10)

VkEay te

(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)

(19)



Sk, S2, IL >0,vie A", teT\{0} (20)

Giietr Ghpr Dike =0, Vi € A", k € alj, t € T\{n,} (21)
Zoer ZRee, ZoeY, Zige = 0 and integer, Vj € aj, Vk € ajj, t € T\{n.}, v € VG (22)
Yier =00r1,Vie A", k € a;, t € T\{n;} (23)
Uy =0o0r1, vk € P} (24)

Obijective function (0) is related to the weighted amount of unmet demand for relief goods in each
disaster area in the sub-region over the planning horizon. While this quantity may be different for
different areas, the objective is to minimize a weighted sum of the maximum among the quantities in
the areas and the total quantity in the whole sub-region. The maximum is provided by constraints (1).
In order to prioritize the minimization of the first term, a large weight is set for this term. The two
terms represent the maximum and total victim suffering, respectively, due to the relief shortage. As
can be seen in constraints (1), un-met demands for relief goods are weighted with penalty values. The
demand for type-1 goods are reoccurring. Each delivery may be enough for a few days. Shortage of
this type of goods on a day tends to appear only after the inventory is used up, and so related suffering
tends to be short term. The demand for type-2 goods are one-off. Any shortage on a day means that
the suffering has been accumulating since the disaster happened. Therefore, the penalty for the un-met
demand for type-2 goods is set to increase -with t. This will force the demand for type-2 goods to be
fulfilled as soon as possible. Constraints (2) define the initial inventory level of type-1 goods.
Constraints (3) relate to vehicle movement at the first time point of the first implementation of the
model. This set of constraints does not apply in subsequent runs of the model in later time periods.

Constraints (4) determine the amount of the shortage or inventory of type-1 relief goods in each
disaster area at the end of each period. If the demand in the period is greater than or equal to the
supply including the inventory at the beginning of the period and the amount distributed to the area
during the period, then the difference will be the shortage and there will be no inventory at the end of
the period. Otherwise, there will be some inventory left and no shortage. The shortage of type-2 relief
goods at time point one onwards, on the other hand, cannot be less than the amount of commodities
required by un-evacuated injured victims and injury-free victims at the time point minus the total

amount of the supplied goods of this type up to the point. Constraints (5) reflect this relation.

Constraints (6) require that the amount of supplied goods from a site to an area in a time period
cannot exceed the goods vehicle resources allocated between the two locations during the time period.
Constraints (7) ensure that a site can supply goods to a disaster area only if the area is allocated to the
site. Constraint (8) relates to the number of temporary sites with distribution centers to open at the
beginning of the first implementation of the model. In this case, the total number of sites with

distribution centers to open in a sub-region cannot exceed the maximum number of new distribution

12



centers to establish for the sub-region. The constraints do not apply from the second model
implementation onwards. Constraints (9) ensure that a site must be open in order for it to supply relief
goods. Because provisional sites with distribution centers are determined only once in the first
implementation of the models, constraints (9) do not apply to subsequent implementations of the
models. The opened sites will be treated as existing sites in the subsequent implementations.
Constraints (10) require that relief demands in an area in a given time period are satisfied by exactly

one site.

Constraints (11) state that the vehicle resources at a distribution center during a time period is
determined by the resources of all the vehicles at the site in the time period, minus the resources
wasted on vehicle moving from other sites to this site at the beginning of the time period. The number
of vehicles available for relief distribution at a given site from time point one onwards is determined
by three different factors: 1) number of vehicles already available at the site, 2) number of vehicles
moving into, and 3) number of vehicles leaving the site at that point. Constraints (13) reflect this
situation, while constraints (12) correspond to the number of relief distribution vehicles available at
sites at time point 0. When the model is first implemented, there is neither vehicle movement nor
leaving vehicles at time point 0. The number of vehicles for relief distribution moving from a site to
other sites (including those moving to the site itself, i.e., staying at the site) at the beginning of any
particular time period (except the first time period) should be equal to the number of vehicles already
available at the site in the previous time period. Constraints (14) reflect this relation.

Constraints (15) require that vehicles arriving and available for relief distribution within a
particular sub-region are always deployed to sites. Constraints (16) state that the total number of
vehicles for relief distribution leaving all sites with distribution centers in a sub-region at the
beginning of any implementation of the model is equal to the number of relief distribution vehicles
leaving the sub-region. Constraints (17) ensure that the number of vehicles for relief distribution
leaving a site at time point 0 of the model implementation cannot exceed the number of vehicles
available at the site at the time point. The constraints are in line with the requirement that no vehicle
can arrive at and leave a site at the same time. Constraints (18) require that the relief distribution
vehicles are deployed to a particular site only if the site is open, which apply to the first

implementation of the models only. Constraints (19) to (24) define the value ranges of the variables.

Sub-model Ib: Victim evacuation

Minimize |A|- XY + Yiea 2ity(Pn -t - Wie) (25)
Subject to

Yelipnt- Wy SXY,Vi€EA (26)

Wiy = WO0;, Vi€ A (27)
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ko = 0,Yj € an,k €ay

Wie = Wit—1 — Zkean, Eike-1, Vi € A, t € T\{0}

2 tix " Eie < Dige + M- (1 — Xype), Vi € Ak € ap, t € T\{n;}

Epgpe— M- Xyt <0,Vi€ Ak € ap,t € T\{n:}

Ykean Uik < 1,Vj € F§"

Q" < Xjepin Upk, Vi € Py

M-QF" = Yjerin Ui, Yk € Py

Ykean Xiee =1, Vi € At € T\{n;}

YieaXike S M- Q" Yk € Py, t € T\{n,}

SieaBie < Xjepin Cap) Upe, VK € P, t € T\[ne}

ieaBie < Capit + X jepin Cap] Uy, Yk € M, t € T\{n}

YieaDikt < Xvevn(to - Cavy - Z5ky) — Ljean Lveva(t - Caby - Zyjie®)
T\{n:}

205 + ZJY = Zil + Tjcan Zojro. = Ljcam Zokgo. = Zokos V k € am, v € VH
Zhke-1+ Zjcan Zojrt. ~ Ljcam Zoit. = Zoker VK € Qi t € T\{O,n¢}, v EVH

Yiean, Zoinet =231, Vj € am, t € T\{O,n,}, v EVH

vj,t—11
new _ yin
Zkeam ka = Von, V €EVH
leave _ out
Zkeam ka = Vop y U €EVH

zleave < 704l vk € a,, v € VH

Yvevn Z3 — M- UP" <0, Vk € Py, t € T\{ny}

XY >0,

Wi >0,Vi€EALtET

Eixe» Dikt = 0,Vi € Ak € a,y, t € T\{n;}

Zoe, ZRte, ZogY, Ziyv = 0 and integer, Vk € iy, j € ty, t € T\{ne}, v € VH

Xyt =0o0r1, Vi€ A k€ a,te€T\{n:}

Up =0or1,Vj€eF"ke€ay
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(28)
(29)
(30)
(1)
(32)
(33)
(34)
(35)
(36)

@37)

(38)

VkEa, t€e

(39)
(40)
(41)
(42)
(43)
(44)
(45)
(46)
(47)
(48)
(49)
(50)
(51)

(52)



Q" =0or1,Vk € Py (53)

The objective of sub-model Ib is to minimize the weighted sum of the maximum suffering and
total suffering of un-evacuated injured victims in disaster areas. Suffering here refers to the delay in
evacuation. Again, a larger weight is assigned to the first term to prioritize the minimization of

maximum suffering.

Constraints (26) calculate the maximum weighted humber among un-evacuated injured victims in
disaster areas during the planning horizon (i.e. maximum suffering). The number of un-evacuated
injured victims at the first time point is defined in constraints (27). Constraints (28), which only apply
to the first implementation of the model, represent vehicle movement at the first time point.
Constraints (29) state that the number of un-evacuated victims in an area at a given time point is equal
to the number of un-evacuated victims at the previous point minus the number of evacuated victims
between these two time points. Constraints (30) calculate the vehicle resource requirement for
evacuating victims from an area to a site in a time period based on the number of injured victims
evacuated. Constraints (31) require that the number of evacuated victims for any unconnected site-area

pair in the sub-models is zero.

Constraints (32) indicate that a temporary medical facility is deployed to at most one temporary
site. Constraints (33) and (34) relate to medical facilities arriving at the beginning of the model
implementation. In this sense, a provisional site is open for medical services when there is at least one
temporary medical facility allocated to it. Constraints (35) require that, in a given time period, injured
victims in an area are evacuated to exactly one site, while constraints (36) guarantee that evacuation

must be to a site that is open.

Constraints (37) state that the total number of injured victims evacuated to a temporary site in
each period must be no more than the total handling capacity of the temporary medical facilities
allocated to the site. Constraints (38) are similar capacity constraints for the sites with existing medical
facilities. The total handling capacity of such a site is the sum of the capacities of existing facilities at
the site and the temporary medical facilities allocated to the site.

Vehicle resource requirement for a site with a medical facility to conduct evacuation during any
time period is defined by constraints (39). Similar to constraints (11) of sub-model la, the vehicle
resource is determined by the resources of all vehicles available at the site in the time period minus the
resource wasted on vehicle moving from other sites to this site. Again, a special case appears in the
first implementation of the model. That is, there are no vehicles moving in from other sites at that
time. Vehicle availability for victim evacuation is defined by constraints (40) and (41). The

explanations are similar to those for constraints (12) and (13).

Requirements on leaving vehicles in sub-model 1b are provided by constraints (42). Analogous

with constraint (14) of sub-model Ia, the total number of evacuation vehicles moving out of a site to
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all sites (including those staying at the site) at a given time point (except time point 0 and the last time
point) is equal to the number of evacuation vehicles available at the site in the period. Constraint (43)
requires that the total number of vehicles for victim evacuation arriving at the beginning of the model

implementation and assigned to all sites is exactly equal to the number of available vehicles.

Constraint (44) requires that the total number of vehicles for victim evacuation leaving all sites
with medical facilities is exactly the same as the number of victim evacuation vehicles leaving the
disaster scene. Constraints (45) ensure that the number of vehicles for victim evacuation leaving a site
at the beginning of the model implementation cannot exceed the number of vehicles already available
at that time point at that site. Constraints (46) ensure the deployment of evacuation vehicles to a site is

carried out only if the site is open. Constraints (47) to (53) define the value ranges of the variables.
3.2 Model I revised: Current practice without sub-region boundaries

Even if relief distribution and victim evacuation operations continue to be carried out separately,
the current practice may be improved by allowing relief distribution across the sub-region boundaries,
just as the evacuation operation does. With the coordination of the National Board for Disaster
Management and its derivatives, this can be achieved easily. We revise model | to represent this

improvement. The revised model will be called model I_R.

Model |_R also consists of two sub-models, la_R and Ib_R, dealing with relief distribution and
victim evacuation, respectively. Compared to model I, sub-model Ib_R is exactly the same as sub-
model Ib and so the difference is only in sub-model la_R which is presented below. Model la_R uses

the following new sets and a new variable, some of which will also be used in model II.
D, Set of all existing sites with distribution centers, D,= U,er DJ;
P, Set of candidate sites for temporary distribution centers, Py= U,cg PJ;

a4 Set of all sites either with existing distribution centers or candidates for distribution centers,
aq= DO U?d!DO ﬂde = @1

Ny.  Maximum number of temporary distribution centers to establish in the whole region;

YY Decision variable defined to represent the maximum among the weighted un-met demands

for relief goods in all disaster areas during the planning horizon.
Using these and some notation defined earlier, sub-model la_R can be presented as follows.
Minimize |A|-YY + YicaXiiq(ph - Sh+ p2-t-SE (0_R)
Subject to

Constraints (1_R) to (24_R)
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These constraints are similar to constraints (1)-(24), but slightly revised by replacing some sub-

region-related sets, parameters and variables with those related to the whole region. Five examples are

listed below.
Yt (pk-Sh+ pZ-t-SE) <YV, VieA (1_R)
Iy =10}, vie A (2_R)
Yker, Ur < Ngc (8_R)
YY >0 (19_R)
Sk, S%, 1L =0,vi€ At eT\{0} (20_R)

Sub-model la_R is essentially sub-model la applied to a whole region instead of a certain sub-
region. Therefore, the objective and constraints of this sub-model have similar meanings to those of
sub-model la. Though model I_R is not much different from model I, the sharing of relief distribution
resources among sub-regions does make an improvement as can be seen from the results comparing

the two models presented at a conference (Setiawan, 2016) and those in Section 5.
3.3 Model II: collaborated operation for relief distribution and victim evacuation

To fully utilize the coordination potential of the National Board for Disaster Management and its
derivatives, another model, model I, is developed by further allowing each vehicle to be used for both
relief distribution and victim evacuation, in addition to the lifting of sub-region boundary restrictions.
But as in Najafi, et al. (2013), a vehicle will not be used to transport goods and people at the same
time. The vehicles normally used for relief distributions are vans or even light trucks which are not
ideal for evacuating heavily injured people. However, they can be used to evacuate people with minor
injuries and this is better than leaving these victims at the disaster site waiting further for ambulances.
Model Il is an integrated model, rather than one with two separate parts. With vehicle sharing allowed,
apart from vehicles delivering relief from a distribution center to a disaster area and back, and vehicles
going from a medical center to a disaster area and returning to the medical center carrying victims,
there are also vehicles delivering relief from a distribution center to a disaster area, then evacuating
victims from this area to a medical center and then returning to the distribution center for the next trip.
Such vehicles will be counted as based at the distribution center. In the integrated model, among all
the existing site with medical facilities, M, some may be suitable for setting up a distribution center
as well. Similarly, among all the existing sites with distribution centers, D,, some may also be
suitable for locating medical facilities. Therefore, after the initial period, some existing sites may have
both medical facilities and distribution centers. New sets need to be defined to represent different

types of existing sites.
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In addition to the notation defined earlier, the following sets and parameters are defined and used

in model II.

D

m

Capy

Ba

Brm

Subset of existing sites with distribution centers that are also suitable to locate medical
facilities;
Subset of existing sites with distribution centers that are not suitable to locate medical
facilities;
Subset of existing sites with medical facilities that are also suitable to locate distribution

centers;

Subset of existing sites with medical facilities that are not suitable to locate distribution

centers;
Set of sites with both distribution centers and medical facilities;

Capacity (number of injured victims can be handled per period) of all medical facilities at
existing site k, k € M, U B; Capy* = 0 for k ¢ M, U B;

Set of candidate sites for both temporary distribution centers and temporary medical
facilities;
Set of all potential sites for new distribution centers in model Il, §;,= M U P,; U Py,

M, Py Py are mutually exclusive;

Set of all potential sites for new medical facilities in model Il, 6,,=D U P, U Py, D, Py, Py

are mutually exclusive;

Set of all sites either with existing distribution centers or candidates for distribution centers
in model Il, B4= D'UDU BUMUP;UP,, D',D, B, M, P;, P, are mutually

exclusive;

Set of all sites either with existing medical facilities or candidates for medical facilities in
model Il, B,= M'UMUBUDUR,UP,, M', M, B, D, P,, P, are mutually

exclusive;

Set of all sites with existing distribution centers in model Il, £;, = D'UD U B, D', D, Bare

mutually exclusive;

Set of all sites in model Il, L= D’UDUM' UM UBUP;UP,UP,, D'D, M', M,

B, P, P, Pp are mutually exclusive;

Number of new vehicles of type v becoming available at the beginning of model

implementation;
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out
W

Number of vehicles of type v which leave the disaster scene at the beginning of model

implementation.

In addition to some of the variables appearing in models | and |_R, model Il also uses the

following new decision variables.

ZZ

Eike

Eike

nh
Dikt

Fall
kat

Fmove
vjkt

Maximum among the sums of the weighted number of un-evacuated injured victims and the

weighted unmet demands for relief goods during the planning horizon;

Number of injured victims evacuated from area i directly to site k in the period from time

pointttot +1;

Number of injured victims evacuated from area i to site k by vehicles that are allocated to

another site j but going through site k in the period from time pointttot + 1;

Total amount of type-1 relief sent from site k directly to disaster area i in the period from

time point ¢t to ¢ + 1 (in volume unit);

Total amount of type-1 relief sent from site k to disaster area i by vehicles going through site

Jj in the period from time point ¢ to t + 1 (in volume unit);

Total amount of type-2 relief sent from site k directly to disaster area i in the period from

time point ¢t to ¢ + 1 (in volume unit);

Total amount of type-2 relief sent from site k to disaster area i by vehicles going through site

j in period from time point ¢ to t + 1 (in volume unit);

Vehicle resources (total vehicle capacity-time) allocated/required for distributing relief from

site k to area i and return empty in the period from time pointtto t + 1;

Vehicle resources (total vehicle capacity-time) required for relief distribution in the journeys
distributing relief from site k to area i and then evacuating victims from that area, in the

period from time point t to t + 1;

Vehicle resources (total vehicle capacity-time) required for victim evacuation in the journeys
distributing relief from site k to area i and then evacuating victims from that area, in the

period from time pointt to t + 1;

Number of vehicles of type v at site k from period t to t + 1, for journeys distributing relief

from site k to an area and then evacuating victims from that area;

Number of vehicles of type v already available at site j moved from site j to site k at time

point ¢, for journeys distributing relief from site k to an area and then evacuating victims

from that area;
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Figure 3 illustrates different kinds of vehicle journeys in model Il and the associated amounts
defined above. Variables ZZ. and Z7eve are related to the kind of trips as shown in solid lines in
Figure 3. Such a trip combines relief delivery and victim evacuation. It may consist of three segments
as shown in the figure, or two segments in case distribution center k and medical facility j are located
at the same site. For each distribution center, only some vehicles are allocated for such combined trips.
There are other vehicles for pure relief distribution trips between the distribution center and an area. A
vehicle in a distribution center may be used for combined trips in part of the period and for pure trips

in the rest part of the period. Therefore, Z2X and Zyine¢ need not to be integer.

Empty)

Distribution ) .
certre, i Medical facility, j

' . Empty)
A Mo a2 R
(EMpLY) N\ Gl Gl ,/

. N .

Derand point, /

Figure 3 Example of vehicle journeys in model Il

Model Il is presented below.

Minimize |A|-ZZ + YieaXeia(pn -t fyn - Wi + pg- Sk + p2-t-Si (54)
Subject to

tii(on -t fon Wi + pg Sk + p2-t-Si) <ZZvieA (55)
viko = 0,Vj€EL k€L vEVA (56)
gt (Wi + Hp) — Iil,t—l - Zke/}d(G_ilk,t—l + Gilk,t—1) = Si— I, Vie At e T\{0} (57)
9% Wit + H;) = Yee, GO — Ykep, 2v=0(Glir + Ghir) < SH. Vi € At € T\{0} (58)
Wit = Wit—1 — Ykep, (Eike—1 + Eire-1), Vi € A, t € T\{0} (59)
2-ty Eige <Djge + M- (1 = Xigt), Vi€ Ak € By, t € T\{ny} (60)
2ty (Gier + Glir) < Dige + M- (1= Yige), Vi € Ak € Byt € T\{n} (61)

(tie+tij + tji) " Eije < Dl + M- (2 =Yg — Xije), Vi € Ak € By, j € Bt € T\ (e} (62)

(tik+ tej + t ) (let + let) < let + M- (2 =Yy — Xije), Vie Ak €By, jEPmtE
T\{n.} (63)

Gt + Gl + Gilie + Ghe — M - Yye <0,Vi € Ak € By, t € T\{n;} (64)
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Eit + Eixe =M - Xie <0,Vi€AkEDP,teT\{n} (65)

Ykesn Uk <1,Vj € Fg* (66)

<y jerin Ujie, VK € 8 (67)
M-QF" = ¥ jerin Ujk, VK € 8y (68)
Yresy, U < Ngc (69)
YieaYiee <M Uy, Vk € 6g,t € T\{n:} (70)
Ykepy Yike = 1, Vi € At € T\{n} (71)
YicaXiee S M- Q" Vk € 8y, t € T\{ny} (72)
Ykep, Xike =1, Vi € At € T\{n:} (73)
Sica(Eie + Bier) < 2 jepin Cap] Upe, Yk € B \(M, U B) (74)
Yiea(Eixe + Eie) < Capyl® + Yjerin Cap])'chka Vk € M, UB (75)

YicaDike < Yvevu(tp - Caplt - Z3H) — Yjer Yvevu(ti - Capll - Zpe®),  Vk € B, t € T\{n,}
(76)

YieaDlie < Yvevu(tp - Capl - ZH) — ¥jer Yvevu(tjy - Capl - ZyeS), Yk € By, t € T\{n;}

(77)

YicaDiy < Yvevaltp - Capy - Z3t) — Yjer Svevaltin " Capy - ZJRt®),  Vk € By, t € T\{n,}
(78)

A I 1
YicaDike < Yvevaltn - Capy - (Zgke — Z3)) — Yjer Lvevaltin - Capy - (Zhe"® — ZTH1%),

Vk € By, t € T\{n;} (79)
2O + Z36W — ZI5T + Ly Z0° - Vjer Znhe = Z3kh, Vk € L,v € VA (80)
Zoke-1+ TjecZyjie = Ljer Zog” = Zuke'V k € Lt € T\[O,n}, v € VA (81)
YkerZyjpt: = Zf;l]”t LVjEL teT\{0,n},vEVA (82)
Yrer ZpgW = V" veEVA (83)
ZkEL Zleave — Vvout, vEVA (84)
zleave < 704l vk e L,veEVA (85)
YvevaZoge — M- Up < 0,Vk € Py, t € T\{n,} (86)
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YvevaZpge — M- (Up + Q7™ <0, Vk € Py, t € T\{n¢} (87)

ZZ 20 (88)
Gier Giker Giier Gl 20, VI €A, k € Byt € T\{n;} (89)
Eiwer Eixe = 0,Vi € Ak € By, t € T\{n:} (90)
Dixe =2 0,Vie Ak € L, t € T\{n;:} (91)
Zoe, Znte, Zug”, Zigv¢ = 0and integer,Vj € L,k € Lt € T\{n.} (92)
Z3, Il = 0, Vj € Lk € By, t € T\{n,} (93)
Yikr =0o0r1,Vi€ Ak € By, t € T\{n;} (94)
Xt =0o0r1,Vie Ak € B, t € T\{n} (95)
U,=0o0r1,Vk €, (96)
Up, = 0or1,Vj€F" k€ B, (97)
Q" =0or1,Vk €6, (98)

and constraints (27), (48), (2_R) and (20_R).

The objective of the model is again to minimize the weighted sum of maximum suffering and
total suffering with maximum suffering as the primary concern. Suffering in this model includes both

that due to waiting for evacuation and that due to shortage of relief goods.

Many constraints in this model can be understood in a similar way to that for previous models.
Due to vehicle sharing, the vehicle resource requirements are calculated differently, considering both
pure trips and combined trips. Constraints (61) calculate vehicle resource requirement for pure relief
distribution trips. Constraints (62) and (63) calculate vehicle resource requirements for combined trips
in terms of victim evacuation and relief distribution, respectively. Constraints (74) state that the
number of victims sent to any potential site in a period cannot exceed the total capacity of medical
facilities at the site. Constraints (75) are similar capacity constraints for existing sites. Constraints (77)
and (78) ensure that, at each distribution center, the vehicles allocated to combined trips can satisfy the
requirement for both victim evacuation and relief distribution in these trips. Constraints (79) ensure
that the remaining vehicles in the distribution center can satisfy the requirement for the pure relief

distribution trips.

4. Heuristics for Simplifying the Models

The models, especially model I, take a very long time to solve. To make the models practically

useful, we have to set a time limit on their solution process. However, our test shows that, except for
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small problems, the solution found within the time limit is usually poor, if a feasible solution can be
obtained at all. Therefore, we propose two heuristics to simplify the models to save computation time.
Note that many variables in the models are defined for each of the time points in the planning horizon.
Because only the result of one period is implemented, we propose to reduce the number of variables
and so simplify the models by combining later time points in the models. The two heuristics do this in

different ways.

In the first heuristic, the number of time points is reduced by combining more and more time
points together as they are further away from the present time which is the beginning of the model
planning horizon. The present time point and the next time point are kept unchanged, and so is the
demand information at these two time points. The period between these first two time points remains
as one time unit. It is reasonable to assume that the further away a period is from the present time, the
less the information in that period would affect the decisions for the present period, and so the
information may be considered in less detail. Under this assumption, therefore, the further ahead the
time is, the longer the period between two adjacent new time points would be in the reduced model.
The duration of each period is made one time unit longer than that of the previous period, or the same
as the previous time period in cases where it is not possible to keep the period length increasing in the
planning horizon. When applying the model in a rolling horizon fashion, time point reduction and
information updating are performed every time the model is re-run. The coefficients of the S and W
variables in the objective functions and relevant constraints in the reduced models need to be
multiplied by the corresponding period lengths. Figure 4 shows examples of the periods with variable
lengths in the reduced models for different runs and so with different planning horizons. This heuristic

will be referred to as the v-Length heuristic.

Time points in the whole duration of the emergency response phase
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Firstrun 0 1 2 3 4 5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

t t t t t t t } t t } t } t |

Second run 0 1 2 3 4 5

W\M/

2 § All 5 (IS ? 8 ? lp 1.1 12 13 .:L4 1.5

Third run o 1 = 2 T Ty ' 5
3 3 4

4 5 6 7 8 ? 10 1.1 12 13 .14 1.5

...... 0 1 2 3 ! 5
3 3 3

4 5 6 7 8 ? 10 1.1 12 13 I14 1.5

1 2 3 ! 5
2 3 3

5 6 7 8 9 10 11 12 13 14 15

} } t | t t t t t t |

Time pointsinthe _— 0 1 2 3 4

model for this run 3 4
Lengths of the periods
in the model for this run

Last run 0 1
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Figure 4 Time point reduction, the v-Length heuristic

The second heuristic simply keeps the first four time points (or all points if the planning horizon
contains less than four points) and their related information unchanged. All the remaining time is
considered as one period and therefore only one additional time point, the end of the planning horizon,
will appear in the reduced models after the first four. This is also in line with the assumption that later
information, after four points in this case, has less impact on the decision for the present period. The
coefficients in the objective for the combined period in the reduced models need to be modified in a
similar way to that in the first heuristic. Figure 5 illustrates the periods in the reduced models using

this heuristic. This heuristic is henceforth referred to as the 4-Point heuristic.

Time points in the whole duration of the emergency response phase
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

P S S
Firstron 0 1 2 3 7 T 4
NNy 12 S

1 3

Secondrun 0 1

Third run

Time points in the
model for this run

Lengths of the periods
in the model for this run
13 14 15
0 1 2
I nl~ry
14 15
Last run 0 1
1l

Figure 5 Time point reduction: the 4-Point heuristic

5. Computational Experiments

Computational experiments are carried out to compare the performances of the three models and
hence to observe the benefit of coordination in disaster logistics operations. The experiments also test
the practicality of using a standard software package to solve the models directly as well as the
efficiency of the proposed heuristics.

5.1 Experiment settings

The experiments are carried out on problem instances of four different sizes defined by spatial
and temporal dimensions. In the spatial dimension, large problems consist of 17 sub-regions and 47
disaster areas, the same as in the region (district) affected by the West Sumatra earthquake which has
17 sub-districts and 47 administrative areas (called nagaris); the small problems have 3 sub-regions
and 9 disaster areas, representing a smaller region or a region considered in less detail. This small size

is chosen in the hope of obtaining optimal or feasible solutions of the models in reasonable time. In the
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temporal dimension, large problems include 15 time periods (16 time points) in the emergency relief
operation, again similar to that for the West Sumatra earthquake; the duration of the emergency
response phase for the smaller problems has 10 time periods (11 time points), representing response to

a disaster with lighter damage.

We refer to these four groups of problem instances by listing the number of time points (T), the
number of sub-regions (R) and the number of disaster areas (A) in the problem, e.g., T11R3A9
indicates problems with 11 time points, 3 sub-regions and 9 disaster areas. Similarly, other problems
are referred to as T11R17A47, T1I6R3A9 and T16R17A47, respectively. For each problem size, we

generate 30 instances as described below.

In each instance, there is an existing medical center representing a provincial level hospital, and 3
potential sites for temporary medical centers. It is assumed that there are two potential sites in each
sub-region for a distribution center. Other sites needed in model Il are derived from the above sites.
The existing hospital, for example, is allowed to have a distribution center. Travel times between
different locations are generated using approximate minimum and maximum travel times based on

existing places in the district.

For instances with 47 disaster areas, data about injured victims are based on those collected after
the West Sumatra earthquake and data on injury-free sufferers are then calculated using these and the
population in the areas. These data are then pooled into 9 disaster areas to be used for the small

problems.

Information on vehicles for transporting injured victims is based on data in the response to the
West Sumatra earthquake, which are obtained from the Ministry of Health Affairs office in the district.
There are in total 139 such vehicles arriving at different times. Availability of vehicles at different
time points varies. Information on vehicles for distributing relief, on the other hand, cannot be
acquired from any sources and therefore needs to be generated. Using the total number of victim
evacuation vehicles as a guideline, the average number of relief distribution vehicles newly available
at each time point is about half of the number of sub-regions. Because model | requires specifying the
number of vehicles for relief distribution arriving at each sub-region, the number of such vehicles for
each sub-region at a certain time point is generated as 0 or 1 randomly. Because the transporting
resources are limited, we assume in the experiment that the capacity of any site with medical facilities

can handle the victims transported to the site.

While the objective is to minimize victim suffering, the suffering of injured victims, if not
evacuated in time, is more severe than that of the non-injured victims due to lack of relief goods.
Therefore, in the experiments, the weights for these two types of suffering are generated uniformly
from the ranges of 10 to 20 and 1 to 10, respectively. In real applications, the weights can be set by
the user based on the specific situation.
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The experiments are carried out on a server with an Intel dual core Xeon 3 GHz processor and 4
GB RAM. The models are run at the beginning of each time period and the overall performances are
calculated at the end of the last period, as described in Section 2.3. For each instance, the three original
models are solved using the Xpress MP software. This is henceforth referred to as the direct solution
approach. The models are also simplified using the v-Length and 4-Point heuristics and then solved

using Xpress MP.

For the R3A9 problems, each run of a model is limited up to 1200 seconds. For R17A47
problems, we allow a longer time due to the large problem size. On the other hand, model size
decreases from one run to another. Therefore, for these large problems, a longer time limit is set for
the run at the first time point. The limit is decreased for each successive run. The same idea is also
used for the maximum time allocated to the cutting process in the Xpress optimizer. The maximum
total run time and the maximum time for re-optimization with cutting planes are set to (5400 — 600*T)
seconds and (600 — 60*T) seconds respectively for the run at time point T. Note that as model |_R
consists of a sub-model for victim evacuation and a sub-model for relief distribution, the run time limit
for each sub-model is set to be half of the maximum time. For model |, the time limit for the relief
distribution part is split between the sub-model 1a’s of the sub-regions. Apart from the maximum time
limit, we also set another stopping criterion for the model runs - the run stops when a feasible solution

is found within 5% of the best bound of the optimal solution.
5.2 Results and discussions

Effect magnitude can be measured to determine whether research results are practically
significant (Kirk, 2007). To compare the performance of different models in terms of practical
significance, we calculate Cohen’s effect size d following Durlak (2009) with minor modifications
because the objective function of our problem is to be minimized. Let M and SDj be the mean and
standard deviation of the objective values obtained using a method being tested, M, and SD. be those
using another method as a reference for comparison, and N be the sample size, then the effect size (ES

in short) d is calculated as follows:

Mc—M N-3 N-2 SDg2+ SD¢?
d= CE__x ( ) X |—=, where Sample SD pooled = |=—E—"¢
Sample SD pooled N-2.25 N 2

A positive value of ES indicates that the method being tested has an improved objective mean as

compared to the reference method, and a negative ES indicates otherwise. A rule of thumb is that an
ES of around 0.2 is small, around 0.5 is medium, and around or above 0.8 is large in magnitude (see
Durlak, 2009). In addition, we also calculate the percentage of instances that the tested method

produces a positive improvement with respect to the reference method.

All four groups of problems are first solved using the direct approach, i.e., the three models are

solved using the Xpress software. The comparative results are shown in Table 1. From the ES values
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and the percentages of improvement cases in the table it is obvious that for the two groups of small
problems (T11R3A9 and T16R3A9), model Il performs much better than models | and |_R,
demonstrating clear benefit of coordination in disaster relief operations. Model I_R performs better

than model |, indicating that even just lifting the geographical boundaries is also beneficial.

Table 1 Comparison of the models solved directly for different problem sizes

Performance

Problem size Measures |_Rtol ltol lltol R
TLIRSA9 (I’EA)Sof positive Oé? 1183 1133
T16R3AI ‘I)EA)Sof positive OéA%S 11(?3 1133
TLRL7A4T (I’EA)Sof positive 11(?3 11(% 0586
TIGRITA4T 0O ostive 136 L7 076

For the large problems (T11R17A47 and T16R17A47), again both models Il and I_R perform
better than model 1. However, model Il shows similar performance to model |_R for NT11R17A47
problems, and performs slightly worse than model 1_R for NT16R17A47 problems, which differs
from the results for the small problems. To understand the cause of this counter-intuitive result, we
look at the model size and the quality of solutions obtained at the end of the time limit. Considering
the relief distribution and the victim evacuation operations together, model 11 is much larger than
model |_R (either la_R, or Ib_R or total) in terms of number of variables and number of constraints.
This difference in size becomes larger when the problem size increases. Observing the model solution
at the end of the time limit, the objective value of the model Il solution has a larger gap to the lower
bound than that for model |_R, and this is more so for TI6R17A47 problems. Therefore, the poor
performance of model Il for the large problems is due to the fact that it is larger and more difficult to
solve, and a within limited time the solution obtained is still very far from the optimum. Heuristics

may speed up the solution process and so better solutions may be obtained in the time limit.

More computational experiments are carried out to solve the models using the two proposed
heuristics and then compare the results. Table 2 shows the results comparing the models solved using
each heuristic. Table 3 compares the results of different heuristics for each model.

Table 2 Comparison of models solved using heuristics for large problems

Heuristics  Performance | Riol ol ol R
measures - -

v-Length ES N 1.40 1.46 0.49
% of positive 100 100 70

4-Point ES 1.42 1.50 0.61
% of positive 100 100 77
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The results in Table 2 clearly show that when being solved using either heuristic, the performance
ranking of the models is in the order of model Il, then model |I_R and finally model I. The
improvements made by models 1l and I_R over model I are large in magnitude, and the improvement

made by model Il over model I_R is medium in magnitude.

Table 3 Comparison of heuristics for each model for large problems

Model Performance v-Length 4-Point to 4-Point to
measures to direct direct v-Length
| ES -0.05 -0.08 -0.02
% of positive 37 17 37
| R ES -0.26 -0.44 -0.17
- % of positive 37 23 40
I ES 0.89 0.86 0.00
% of positive 93 93 53

From Table 3, it can be seen that for models | and |I_R, using heuristics gives slightly worse
results than solving the models using the direct approach. This is because these two models are
relatively small in size and the direct approach can give near optimal solutions in the time limit while
the heuristics simplify the models and so sacrifice some accuracy. For model I, however, both
heuristics produce much better solutions than the direct approach because of the large model size. The
results also suggest that the direct approach is the best solution approach for models | and I_R. For
model I1, the two heuristics show similar performance, while both perform much better than the direct

approach. We can choose v_Length to represent the best approach for model II.

A fairer and more useful comparison of the models is to use the results obtained by their
respective best solution approaches (see Table 4). From Table 4, it is evident that when solved using
their respective best solution approaches, models Il and |_R perform much better than model | for all
the instances tested. Model 1l performs slightly better than model | _R. This demonstrates that
removing the restrictions imposed by the sub-region borders in relief distribution can greatly improve
the effectiveness of the operation, and coordination between victim evacuation and relief distribution

operations can make further improvements.

Table 4 Comparison of models solved by their best approaches for large problems

Performance |_R direct to Il_v-Lengthto  Il_v-Lengthto
measures |_direct |_direct | R _direct
ES 1.36 1.39 0.26

% of positive 100 100 63
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6. Conclusions

In this paper we have studied the problem of positioning medical and relief distribution facilities
for relief operation after a sudden-onset disaster event. Three models were developed for the resource
location and deployment decisions. The first model reflects the current practice of separated victim
evacuation and relief distribution operations with relief distribution limited within each sub-region, the
second one is a revision of the first model allowing relief distribution across the sub-region
boundaries, and the third one represents coordinated operations for victim evacuation and relief
distribution. The models should be run whenever there are resource availability changes considering
the resources available at that time and the demand for the rest of the emergency response phase. Two
heuristics were proposed to simplify the models to reduce computation time. Experiments were
conducted using background information from the West Sumatra earthquake. The results showed that
removing the sub-region border restrictions in relief distribution can greatly improve the effectiveness
of the operation, and coordination between the victim evacuation and relief distribution operations can
make further improvements. In particular, the large problem instances in the experiments are similar to
the situation in the West Sumatra earthquake case where relief distributions were limited by sub-
region borders. Our experiment results show that large improvement could be achieved if the
restriction was removed. Future research could be done to develop more effective heuristic methods
for solving the models, especially the complex model for the coordinated operations. More effective
and efficient solution of the model will enhance the conclusion of this paper and will be more suitable
for practical application. Road capacity may also be considered especially when deciding detailed

vehicle routing.
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