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Facility location in humanitarian relief
B. BALCIK and B. M. BEAMON*
University of Washington, Industrial Engineering, Box 352650, Seattle, WA 98195-2650, USA
In this study, we consider facility location decisions for a humanitarian relief chain responding to
quick-onset disasters. In particular, we develop a model that determines the number and locations
of distribution centres in a relief network and the amount of relief supplies to be stocked at each
distribution centre to meet the needs of people affected by the disasters. Our model, which is a
variant of the maximal covering location model, integrates facility location and inventory decisions,
considers multiple item types, and captures budgetary constraints and capacity restrictions. We conduct
computational experiments to illustrate how the proposed model works on a realistic problem. Results
show the effects of pre- and post-disaster relief funding on relief system’s performance, speciﬁcally on
response time and the proportion of demand satisﬁed. Finally, we discuss the managerial implications
of the proposed model.
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1.

Introduction

The numbers of natural disasters and the people affected by disasters have increased over
recent years. The average annual number of disasters during 2000–2004 was 55% higher than
during 1995–1999, and disasters affected 33% more people during 2000–2004 than during
1995–1999 (IFRC 2005). The number of people affected by disasters continued to rise in 2005;
there was an 18% increase in disasters, and 157 million people – seven million more than in
2004 – required immediate assistance, were evacuated, injured or lost their livelihoods (ISDR
2006). The trends in the number and impact of disasters and the massive scale of recent global
relief efforts have brought growing attention to the need for effective and efﬁcient disaster
response operations.
The objective of disaster response in the humanitarian relief chain is to rapidly provide
relief (emergency food, water, medicine, shelter, and supplies) to areas affected by large-scale
emergencies, so as to minimize human suffering and death (Beamon and Balcik, forthcoming).
Therefore, the design and operation of the relief chain play signiﬁcant roles in achieving an
effective and efﬁcient response. Although logistics is central to disaster response activities, for
years, the aid sector’s regard for logistics has been viewed as a necessary expense rather than
an important strategic component of their work (Beamon and Kotleba 2006a). Only recently
have humanitarian relief organizations begun to understand the criticality and importance of
relief chain management on the success of disaster relief operations (Van Wassenhove 2006).
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Beamon (2004), Thomas and Kopczak (2005), and Van Wassenhove (2006) describe the
unique characteristics of the disaster relief environment and compare and contrast humanitarian relief chains and commercial supply chains. There are fundamental differences between
commercial supply chains and humanitarian relief chains in terms of their strategic goals, customer and demand characteristics, and environmental factors. The dominating characteristics
that bring additional complexity and unique challenges to relief chain design and management
that are most pertinent to our study are:
• unpredictability of demand, in terms of timing, location, type, and size,
• suddenly-occurring demand in very large amounts and short lead times for a wide variety
of supplies,
• high stakes associated with adequate and timely delivery,
• lack of resources (supply, people, technology, transportation capacity, and money).
There are additional challenges and risks associated with post-disaster supply procurement.
Acquisition and delivery of adequate relief supplies from local and/or international suppliers are typically time-consuming and expensive. Therefore, relief organizations engage in
preparatory activities that enhance their logistics capabilities in responding to emergencies.
Pre-positioning critical relief supplies in strategic locations around the world is a strategy
recently implemented by some humanitarian relief organizations to improve their capacities
in delivering sufﬁcient relief aid within a relatively short timeframe.
Although pre-positioning increases the ability of relief organizations to mobilize relief supplies and deliver aid quickly, it can be ﬁnancially prohibitive. As such, only a few relief
organizations can support the expense of operating international distribution centres to store
and distribute relief supplies. World Vision International (WVI) began operating a global
pre-positioning system in 2000 (Beamon and Kotleba 2006a). Under the WVI system, relief
supplies are pre-positioned in four locations (USA, Italy, Germany, and Dubai), and consist of pre-packaged modules, which can be immediately shipped anywhere in the world
(Beamon and Kotleba 2006a). The World Food Programme (WFP) manages the United Nations
Humanitarian Response Depot (UNHRD) in Italy with various partners (non-governmental
organizations (NGOs), Ofﬁce for the Coordination of Humanitarian Affairs, governments,
etc.). UNHRD is capable of sending relief items anywhere in the world within 24–48 h to meet
the needs of people affected by natural disasters and complex emergencies (UNHRD 2007).
In this study, we consider facility location and stock pre-positioning decisions in a humanitarian relief chain responding to quick-onset disasters. Facility location decisions affect the
performance of relief operations, since the number and locations of the distribution centres
and the amount of relief supply stocks held therein directly affect the response time and costs
incurred throughout the relief chain. However, given the complexities and uncertainties of the
operating environment, it is challenging for relief organizations to set up effective and efﬁcient humanitarian relief networks. Indeed, the majority of NGOs avoids the use of stockpiles
considering them to be prohibitively complicated and expensive. In these cases, NGOs tend to
rely on local and international procurement, both of which may be too slow to meet emergency
requirements (Adinolﬁ et al. 2005). Moreover, since quantitative methods and principles that
consider the unique characteristics of the relief environment are not widely developed and
practiced, relief agencies may make facility location and stocking decisions using ad-hoc
methods, which may lead to an inefﬁcient (high costs, duplication of efforts, and waste of
resources) and ineffective (slow response and unsatisﬁed demand) response. As observed by
Adinolﬁ et al. (2005), there are no global stock positioning systems in the relief system to
provide information on the quantity, quality, geographical location, and ownership of stocks.
Therefore, the lack of a systematic approach and supporting infrastructure for relief chain
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design may prevent relief organizations from accurately assessing their response capacity and
performance.
Although research on facility location problems is extensive, in terms of theory and applications, these problems have not received much attention in the domain of humanitarian relief.
In this study, we take a ﬁrst step in characterizing the distribution network design problem in
humanitarian relief and provide an analytical approach to assist decision-makers in making
effective and efﬁcient facility location and stock pre-positioning decisions. We consider a distribution system in which a relief organization locates distribution centres in the relief network
to respond to disaster scenarios whose locations and impacts are known probabilistically. We
develop a mathematical model that determines the number and locations of the distribution
centres in the relief network and the amount of relief supplies to be stocked at each distribution centre. Our model is a variant of the maximal covering location model; it integrates
facility location and inventory decisions, considers multiple items with different criticalities
and response time requirements, and captures budgetary constraints and capacity restrictions.
The rest of the paper is organized as follows: section 2 reviews the relevant literature.
Section 3 describes the system and problem in detail and presents our mixed integer programming (MIP) model formulation. Section 4 describes the data set developed and reports
the results of the computational experiments performed. Section 5 discusses the managerial
implications of the model. Finally, we conclude in section 6 and discuss future work.

2.

Literature review

The literature in the area of humanitarian relief logistics is largely focused on handbooks
developed by individual relief organizations and training documents prepared by the United
Nations (Beamon and Kotleba 2006b). These handbooks explain the nature of logistics operations in a relief environment and describe the general procedures followed in various relief
sectors (e.g. Stephenson 1993, Hale 1999, PAHO 2001). There are some recent studies in the
literature that describe the disaster relief environment, compare humanitarian relief chains and
commercial sector supply chains, and identify the challenges and opportunities for humanitarian logisticians in applying supply chain practices to improve relief logistics (Beamon 2004,
Thomas and Kopczak 2005, Van Wassenhove 2006, Oloruntoba and Gray 2006, Thomas 2007).
Below, we ﬁrst review studies that address various logistical problems in disaster relief by
developing mathematical models. Then we brieﬂy review the relevant literature on facility
location, focusing primarily on the maximal covering location problem (MCLP).
2.1

Relief logistics

Most of the studies in disaster relief logistics focus on operational logistical activities in the
relief chain with the objective of optimizing the ﬂow of supplies through existing distribution
networks. Knott (1987) considers the last mile delivery of food items from a distribution centre
to a number of refugee camps, assuming a single mode of transportation that makes direct
deliveries to camps. The author develops a linear programming (LP) model to determine the
number of trips to each camp to satisfy demand while minimizing the transportation cost
or maximizing the amount of food delivered. Knott (1988) combines operations research
heuristics with artiﬁcial intelligence techniques to develop a decision support tool for the
same problem.
Haghani and Oh (1996) and Oh and Haghani (1997) determine detailed routing and scheduling plans for multiple transportation modes carrying various commodities from multiple supply
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points in a disaster relief operation. The authors assume that the commodity quantities are
known. They formulate a multi-commodity, multi-modal network ﬂow problem with time
windows as a large-scale MIP model on a time-space network with the objective of minimizing the sum of the vehicular ﬂow costs, commodity ﬂow costs, supply/demand carry-over costs
and transfer costs over all time periods. They develop two heuristic solution algorithms; the
ﬁrst utilizes a Lagrangian relaxation approach, and the second employs an iterative ﬁx-and-run
process.
Barbarosoglu et al. (2002) focus on tactical and operational scheduling of helicopter activities in a disaster relief operation. They decompose the problem hierarchically into two
sub-problems where tactical decisions are made in the top level, and the operational routing and loading decisions are made in the second level. The authors formulate MIP models for
the tactical and operational problems, and solve them using an iterative coordination heuristic.
Barbarosoglu and Arda (2004) develop a scenario-based, two-stage stochastic programming
model for transportation planning in disaster response. This study expands on the deterministic
multi-commodity, multi-modal network ﬂow problem of Haghani and Oh (1996) by including
relief network uncertainties related to supply, route capacities, and demand requirements. The
authors test their approach on real-world problem instances.
Ozdamar et al. (2004) address an emergency logistics problem for distributing multiple
commodities from a number of supply centres to distribution centres near the affected areas.
They formulate a multi-period multi-commodity network ﬂow model to determine pick up
and delivery schedules for vehicles as well as the quantities of loads delivered on these routes,
with the objective of minimizing the amount of unsatisﬁed demand over time. The structure
of the proposed formulation enables them to regenerate plans based on changing demand,
supply quantities, and ﬂeet size. They develop an iterative Lagrangian relaxation algorithm
and a greedy heuristic to solve the problem.
Angelis et al. (2007) consider a multi-depot, multi-vehicle routing, and scheduling problem
for air delivery of emergency supply deliveries for the WFP based on WFP’s operations in
Angola in the year 2001. Planes deliver full cargo to single clients from the warehouses in
port cities. The authors set a service level for food distribution and develop a linear integer–
programming (IP) model that maximizes the total satisﬁed demand. They provide numerical
results for real problem instances.
Beamon and Kotleba (2006a) develop an inventory management strategy for a warehouse
supporting a long-term emergency relief operation. Their analysis is based on a case study
of a single humanitarian agency operating a warehouse in Kenya, responding to the complex humanitarian emergency in south Sudan. The authors develop a multi-supplier inventory
model that optimizes the reorder quantity and reorder level based on the costs of reordering,
holding, and back-orders. Beamon and Kotleba (2006b) continue this work by comparing
the performance of three inventory management strategies on the same problem. The authors
develop a simulation model and a relief-speciﬁc performance measurement system to identify
system factors that contribute most signiﬁcantly to overall performance.
There is no study in the literature that addresses strategic conﬁguration of the relief chain.
In this study, we develop a formulation that captures the critical aspects of the facility location
problem in humanitarian relief.

2.2

Maximal covering location problem

For years, Operations Research techniques have been applied to a large variety of problems
to determine the optimal geographical locations for facilities (see Owen and Daskin 1998,
Hale and Moberg 2003, Klose and Drexl 2005, and Revelle and Eiselt 2005 for recent surveys
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on facility location research). Facility location problems derive their importance from two
factors: their direct impact on the system’s operating cost and timeliness of response to the
demand (Haghani 1996). While the objective of facility location models addressing private
sector problems is generally to minimize cost or maximize proﬁt, the models addressing public
and emergency services instead focus on user accessibility and response time (see ReVelle
et al. (1977) and Marianov and ReVelle (1995) for a discussion and review of emergency
service facility location problems).
Models with coverage-type objectives are extensively used in facility location research and
applications, especially when response time is the primary performance criterion (see Schilling
et al. (1993) and Daskin (1995) for a detailed discussion and review of covering models). In
covering-type facility location models, a source of demand is deﬁned as covered if it is located
within a speciﬁed response distance or response time from a facility. The set covering models
seek to choose facilities among a ﬁnite set of candidate sites such that all demand sources are
covered with a minimum number of facilities. In disaster relief, this would mean that each
potential demand point must be within a speciﬁed target response time of a facility in the relief
network. However, it may not be cost-efﬁcient or even feasible to cover the entire demand of
every potential disaster scenario from distribution centres. Therefore, a maximal covering-type
model that chooses facility locations to maximize the amount of covered demand subject to
resource limitations is more suitable for relief chain network design.
The MCLP maximizes the total number of people served within a maximal service distance,
given a ﬁxed number of facilities or budget limitations. MCLP has a broad range of applications
and has been studied extensively since its introduction by Church and ReVelle (1974). Here,
our intent is not to provide an extensive review of MCLP and its extensions; instead, we provide
examples most relevant to our study. An assumption of the MCLP is that the facilities being
sited are incapacitated. Current and Storbeck (1988), Pirkul and Schilling (1991), and Haghani
(1996) extend the MCLP by introducing capacity constraints on facilities. Another assumption
of the basic MCLP is binary coverage; that is, a demand point is covered completely if it is
located within a critical distance/time of the facility and not covered outside of the critical
distance/time. Berman and Krass (2002), Berman et al. (2003), Drezner et al. (2004), and
Karasakal and Karasakal (2004) extend the MCLP by modelling coverage as a gradual decline
in coverage; that is, the coverage beneﬁt provided to a demand point decreases with increasing
distance from a facility. Finally, Viswanath and Peeta (2003) formulate a multi-commodity
maximal covering network design model for identifying critical routes for earthquake response.
The model determines the optimal ﬂow of multiple commodities subject to budget constraints
on bridge retroﬁtting costs on selected routes. The authors differentiate commodities based on
unit routing costs; however, the commodities are identical in terms of coverage requirements.
In this study, we develop a model that is a synthesis of various extensions developed for the
maximal covering model; it considers multiple items with different coverage requirements,
budgetary constraints on logistics costs, capacity restrictions on located facilities, and allows
stepwise partial coverage of customers. Additionally, our model integrates facility location and
inventory decisions; that is, it approximates the amount of stock to pre-position at each facility
and incorporates inventory costs, while determining the number and location of facilities to
locate within the relief network.

3.

System and model

In this section, we describe the key aspects of the relief system affecting facility location and
inventory decisions, deﬁne the facility location problem, and present the model formulation.
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System description

In this study, we consider the relief operations of humanitarian relief organizations responding
to quick-onset global disasters. The relief system involves a large number of actors and stakeholders (beneﬁciaries, host governments, local and international relief organizations, donors,
etc.) and operates in highly unpredictable, dynamic and chaotic environments. Therefore, the
disaster response activities of relief organizations vary widely and are driven by numerous
factors depending on each situation’s characteristics. The uncertainties and variability in the
relief environment leads to most logistical decisions being made after disasters occur. So,
unlike commercial supply chains, in which logistic operations are relatively established and
can regularly be planned in advance of demand, most logistical decisions in the relief chain are
made within shorter time frames. However, facility location and stock pre-positioning decisions in the relief chain are critical components of disaster preparedness and hence require
long-term planning to achieve a high-performance disaster response. Facility location and
stock pre-positioning decisions interact with other logistical decisions at different levels. In
this section, we brieﬂy describe the disaster response process and the logistical operations
in the relief chain that affect and are affected by facility location and stock pre-positioning
decisions.
Once a disaster occurs, demand for large amounts of a large variety of supplies occurs
suddenly in massive amounts. The general ﬂow of resources to the affected areas is shown in
ﬁgure 1.
This ﬂow of resources coincides with the four main phases of disaster relief, as identiﬁed
by Thomas (2002) and Beamon (2004): (1) assessment: minimal resources are required to
identify what is needed, (2) deployment: resource requirements ramp up to meet the needs, (3)
sustainment: operations are sustained for a period of time, and (4) reconﬁguration: operations
are reduced, then terminated. The length of each phase in the relief cycle varies depending on
the disaster characteristics. However, the speed of relief operations during the ﬁrst days of the
disaster signiﬁcantly affects the lives of many people threatened by the disaster. Hence, the
ability of a relief organization to mobilize its resources during the assessment and deployment
phases is critical to the success of disaster response.

Figure 1.

Relief mission life cycle. Source: modiﬁed from Beamon (2004) and Thomas (2002).
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An NGO’s level of involvement in a disaster relief operation, in terms of the type and scope
of logistics operations deployed may vary depending on factors such as the type, location,
and impact of the disaster and resource availability. However, the ﬂow of supplies in a typical
relief distribution network is depicted in ﬁgure 2.
As illustrated in ﬁgure 2, once a disaster occurs, NGOs can acquire relief supplies from three
main sources: local suppliers, international suppliers, and distribution centres (pre-positioned
stocks). There are advantages and disadvantages associated with each sources.

3.1.1 Local procurement. Acquiring supplies locally may be advantageous due to low
transportation costs, prompt deliveries (no customs clearance, no delays due to congestion
at the ports, etc.), and the support it provides to the local economy (PAHO 2001). Although
meeting a country’s emergency needs from local resources could be considered as the best
procurement scenario for many reasons (including these), it may be risky to develop a response
strategy that depends solely on local sources. For instance, local supplies may not always
be available in the quantity and quality needed. Local procurement may also create local
competition among relief organizations trying to purchase the same types of supplies, and
ﬁnally may create shortages in the local market (PAHO 2001). Therefore, relief agencies
procuring locally must develop contingencies for acquiring supplies from other (non-local)
sources.

3.1.2 Global procurement. Using global suppliers in post-disaster procurement increases
the availability of large quantities of high-quality supplies. The potential disadvantage lies in
longer delivery times and higher transportation costs (PAHO 2001). NGOs commonly acquire
relief items from global suppliers through a competitive bidding process. In this process,
NGOs ﬁrst identify potential suppliers meeting item speciﬁcations and delivery requirements.
Next, qualiﬁed suppliers are invited to bid. Finally, NGOs evaluate suppliers’ offers and execute contracts with the winning suppliers, after which the delivery of supplies to the affected
areas begins. As a result, supplies acquired by this process may not be delivered to affected
areas during the initial critical days following a disaster. Recently, some NGOs have begun
to establish pre-purchasing agreements with suppliers, specifying the quality and delivery
requirements for certain critical emergency items. Under framework agreements, these suppliers may hold emergency stocks for NGOs, but an NGO’s evaluation of its post-disaster
procurement options still depends on the situation, and even in these cases, these suppliers are
invited to bid (Salisbury 2007). Such framework agreements have the potential to streamline

Figure 2.

Relief chain overview.
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the procurement process if suppliers can be effectively integrated into the relief chain; however,
such partnerships are still relatively rare in the relief sector.
3.1.3 Pre-positioned stocks. As previously mentioned, most post-disaster procurement
decisions in the relief chain are short-term decisions, since NGOs evaluate all available procurement options after needs assessments are performed. Moreover, no matter which type of
post-disaster procurement sources is used, NGOs may still be unable to obtain and deliver
emergency supplies to the affected areas within a critical response time period. Therefore,
relief organizations stockpile ready-to-dispatch inventory in locations that have access to major
disaster-prone regions to mitigate operational risks involved in the post-disaster environment.
After a disaster occurs, demand for aid supplies will likely change over time; some items
are needed immediately at the earliest stages of relief operations, while other items can be
safely supplied during later stages. Types of pre-positioned stocks vary, and are chosen to meet
the immediate needs of those affected: food items (e.g. high-energy biscuits, and ready-to-eat
meals), non-food items (e.g. jerry cans, tarps, tents, blankets, hygiene kits, and kitchen sets),
medical supplies, and equipment (e.g. telecommunication equipment, and metal detectors).
Some relief organizations store a variety of items, while some specialize in a particular sector,
such as food.
In the initial days of the deployment phase, most of the critical supplies arriving to the disaster areas are sourced from relief organizations’ global pre-positioned stocks. For large-scale
quick-onset disasters, it is impossible to meet the entire emergency demand solely from prepositioned stocks. Indeed, the total volume of demand satisﬁed from pre-positioned inventory
is generally much less than the total volume of supplies sent to the disaster region over the
entire relief horizon (Strash 2004).
Financial limitations and other resource restrictions limit the amount of relief supplies that
can be stocked and shipped to disaster areas. For instance, for WVI, transportation capacity is
one of the most limited resources in determining the capacity of their Global Pre-positioning
Relief Network (GPRN) warehouses (Salisbury 2007). WVI does not have any internal transportation capacity and all transportation resources are purchased from third-party logistics
contractors (3PLs) (Salisbury 2007). Therefore, supply ﬂow through a GPRN warehouse during a disaster response is primarily limited by the transportation capacity in the region and the
available budget.
To integrate a global pre-positioning system into a humanitarian relief chain, relief organizations must determine the number and location of the stocking points in the relief network and
the type and amount of relief supplies to be pre-positioned in these locations, given resource
restrictions. Designing a pre-positioning system that balances the costs against the risks in
the relief chain and maximizes the beneﬁts to the affected populations is vital to achieving an
effective and efﬁcient disaster response. In the next section, we present a facility location and
stock pre-positioning problem for this system.
3.2

Problem deﬁnition and model development

We consider a distribution system in which a relief organization locates distribution centres to
satisfy the immediate needs of those affected by quick-onset disasters. Given the uncertainties
and resource limitations in a disaster relief environment, the problem is to determine the
number and location of the distribution centres and the amount of relief inventory to stock
therein to maximize the beneﬁts provided to affected people.
Unlike commercial supply chains, it is difﬁcult, if not impossible, to obtain reliable demand
information for quick-onset disasters. However, there are ongoing initiatives to help assess
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global disaster and vulnerability risks in a relief environment. For instance, Dilley et al. (2005)
identify high-risk geographical areas, based on historical worldwide disaster frequency and
mortality data, population data and economic indicators. Also, FEMA’s Hazus software is an
assessment tool that can estimate losses from potential hurricanes, ﬂoods, and earthquakes.
Since facility locations and the amount of inventory affect relief chain costs and response
times, realistic forecasts of potential demand locations and amounts will contribute to the
effectiveness and efﬁciency of facility location and stocking decisions. In this study, we model
the uncertainties of disaster locations and demand quantities by deﬁning scenarios as disaster
location-impact pairs.
We assume a relief organization that stocks and distributes multiple types of relief items.
We divide relief items with respect to their response time criticalities and target response time
intervals into various types. A weight,wk , is given to each item type k to represent relative
criticality. The demand for item type k can be satisﬁed at different coverage levels, where each
coverage level, lk , is characterized by an upper and lower response time limit (URlkk and LRlkk ,
respectively). The coverage beneﬁts, αklk , decrease with coverage level, and are represented
by a decreasing step function. That is, for coverage levels 1 ≤ 2 ≤ · · · ≤ lk ≤ · · · ≤ Lk , the
associated beneﬁts are αk1 = 1 > αk2 > · · · > αklk > · · · > αkLk ≥ 0. Finally, Ns (lk ) represents
the set of distribution centre candidates that can provide coverage level lk for item type k
demanded by disaster scenario s. The example in ﬁgure 3 illustrates different coverage levels
for a single item type demanded in a single scenario. In this example, there are three candidate
distribution centres and two coverage levels, where the inner circle represents the ﬁrst coverage
level. Distribution centre candidates at j = 1 and j = 2 are within the ﬁrst and second coverage
levels, respectively, whereas the distribution centre candidate at j = 3 is outside of both
coverage levels and can therefore not provide service to the disaster location.
For presentation simplicity, we assume a particular item’s characteristics (criticality,
response time limits) are identical for different disaster scenarios, but the model can be readily
adapted to accommodate different speciﬁcations for a single item type.
Demand for a relief item can only be satisﬁed from distribution centres that can cover the
corresponding demand location. So, the objective is to choose a set of distribution centres in the
relief network to maximize the expected beneﬁts to affected individuals. These beneﬁts are not
only dependent on the quality of coverage (and therefore quick delivery), but also on the amount

Figure 3.

Coverage example.
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of demand that can be delivered within that short timeframe. The latter depends strongly on
the amount of stocks that can be stored and shipped from the distribution centres, both of
which are limited by budgetary restrictions. Our formulation incorporates pre-disaster and
post-disaster costs: we assume that the cost of establishing distribution centres and procuring
and stocking relief items in the chosen distribution centres is constrained by a pre-disaster
budget, which represents the relief funds allocated by relief organizations for pre-positioning.
The transportation costs associated with delivering relief supplies from distribution centres to
demand locations for any disaster scenario are assumed to be limited by a post-disaster budget.
The amount of stock to be pre-positioned at the distribution centres depends on the number
and location of the distribution centres in the network as well as the assignment of demand
locations to distribution centres, while distribution centre location and assignment decisions
are affected by the amount of relief supplies to be stocked at each distribution centre. Hence, we
consider these decisions in an integrated way; that is, both location and inventory decisions are
made endogenously. We assume a simple stocking policy at the distribution centres. We require
that the amount of inventory a distribution centre carries for each item type be no smaller than
the maximum demand assigned to that distribution centre in response to a speciﬁc scenario.
The implicit assumption here is that multiple scenarios will not occur simultaneously, and
hence a distribution centre will never be in short supply for any scenario assigned to it.
Finally, we impose capacity restrictions on each distribution centre in the relief network,
thereby limiting the amount of relief supplies to be pre-positioned. The capacity constraints
may represent the space and transportation capacity restrictions in the area in which the
distribution centres are located. Next, we present the mathematical model formulation of this
problem.
3.3

Model formulation

The following notation is used to formulate the facility location and stock pre-positioning
model:
Sets
S
N
K

set of scenarios; s ∈ S
set of candidate distribution centres; j ∈ N
set of item types; k ∈ K

Parameters
ps
dsk
Capj
γk
B0
B1
Fj
gj k

probability of occurrence of scenario s
expected demand for item type k in scenario s (units)
capacity of distribution centre j (volume)
unit volume of item type k
emergency relief funds allocated for pre-positioning relief supplies (pre-disaster
budget) ($)
emergency relief funds allocated for post-disaster distribution (post-disaster
budget) ($ )
ﬁxed cost of establishing distribution centre j ($ )
unit cost of acquiring and storing item type k at distribution centre j ($/unit)

Facility location in humanitarian relief

csj k
tsj k
wk
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unit cost of shipping item type k from distribution centre j to the disaster
location of scenario s ($/unit)
time to satisfy demand for item type k in scenario s from distribution centre j
(hours)

criticality weight for item type k; wk = 1 and wk ≥ 0
k

lk
coverage level for item type k; lk = 1, . . . , Lk
αklk
coverage level weight αk1 = 1 > αk2 > · · · > αklk > · · · > αkLk ≥ 0
Ns (lk ) candidate distribution centre locations that can provide lk coverage level for
item type k for scenario s; Ns (lk ) = {j |LRlkk < tsj k ≤ URlkk } where
LRlkk lower response time limit deﬁning coverage level lk , and
URlkk upper response time limit deﬁning coverage level lk

Decision variables

fsj k proportion of item type k demand satisﬁed by distribution centre j in scenario s
units of item type k stored at distribution centre j
Qj k 
1 if distribution centrej is located
Xj =
0 otherwise

The formulation for the problem is as follows:
 
max
ps dsk wk αklk fsj k
s

subject to

lk j ∈Ns (lk )

k

fsj k dsk ≤ Qj k ∀s ∈ S, j ∈ N, k ∈ K

γk Qj k ≤ Capj Xj ∀j ∈ N
k∈K




Fj Xj +

j ∈N



(1)



(2)
(3)


Qj k gj k

≤ B0

(4)

∀s ∈ S

(5)

k∈K

dsk csj k fsj k ≤ B1

k∈K j ∈N



fsj k ≤ 1

∀s ∈ S, k ∈ K

(6)

∀s ∈ S, j ∈ N, k ∈ K

(7)

j ∈N

fsj k ≥ 0

Xj ∈ {0, 1}

∀j ∈ N

(8)

The objective function (1) maximizes the total expected demand covered by the established
distribution centres. Constraint set (2) ensures that the inventory level at a distribution centre
is no smaller than the maximum amount of demand that the distribution centre will face
from a single disaster scenario. Constraint set (3) guarantees that the inventory is held only
at established distribution centres, and the amount of inventory kept at any distribution centre
does not exceed its capacity. Constraint (4) requires that the pre-disaster expenditures related to

112

B. Balcik and B. M. Beamon

establishing a distribution centre and holding inventory do not exceed the pre-disaster budget,
and constraint set (5) guarantees that the transportation costs incurred between distribution
centres and each disaster scenario are less than the expected post-disaster budget. Constraint
set (6) ensures the amount of supplies sent to satisfy the demand of a disaster scenario does
not exceed the actual demand. Finally, constraint set (7) is the nonnegativity constraint on the
proportion of demand satisﬁed and constraint set (8) deﬁnes the binary location variable.

4.

Numerical analysis

In this section, we introduce an example problem to test the proposed distribution network
design model and present computational results.
4.1

The data set

Network-related parameters were developed by analysing historical natural hazards data from
the National Geophysical Data Center (NGDC 2007). From this database, we extracted the
geographical coordinates of the worldwide earthquake-caused disasters and the number of
people killed by each event. We considered the 639 events that resulted in at least 10 deaths
between the years of 1900 and 2006.
The geographical coordinates obtained from the NGDC corresponds to the epicentre of
each earthquake. To generate disaster scenarios and estimate the demand created by these
scenarios, we clustered the disasters with epicentres that were close proximity of one another
and assumed that each disaster within a particular cluster is likely to affect the population
located in the corresponding area. We used the following approach to create the clusters: we
projected grid lines onto the earth’s surface and assumed that the centroid of each grid cell
represents the location of the demand when the data located a disaster in that grid cell. Since
our model assumes that the disasters do not occur simultaneously, grid cells should not be too
small; this would cause an underestimate of the population likely to be affected by a disaster.
Also, very large grid cells may lead to an underestimate of the transportation times and costs
in the network and an overestimate of the demand created by the disasters. For the purpose of
our example, the grid cell dimensions were selected as 5 degrees (5◦ ) of latitude and 5 degrees
(5◦ ) of longitude with at most 555.2 kilometres between two demand points, which occurs at
the equator. So, if a grid cell contained a disaster that resulted in at least 10 deaths between
the years of 1900 and 2004, we located the demand for that disaster in the centroid of that grid
cell. The data and grid conﬁguration yielded 167 grid cells. Figure 4 illustrates the demand
locations as the centroid of each grid cell.
After obtaining the list of disasters associated with each grid cell, we grouped disasters
based on their impact levels. We considered four disaster impact levels, which were chosen
based on the number of historical deaths as shown in table 1.
Therefore, at least one and at most four disaster scenarios were associated with a single
location, yielding 286 total scenarios, each of which was deﬁned by a disaster location-impact
pair. For our computational experiments, we estimated the probability of occurrence associated
with each scenario based on the historical frequencies. A scenario’s likelihood was assumed to
be equal to the fraction of disasters in the corresponding grid cell with the same impact level.
We modelled two types of relief items, in which the ﬁrst type of items represents the set
of critical items that require a more rapid response time than the second type of items. The
criticality weights for item types 1 and 2 were set at 0.8 and 0.2, respectively. We used two
coverage levels for both types of items. For item type 1, upper response time limits were set at
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Potential disaster (demand) locations.

48 and 96 h for coverage levels 1 and 2, respectively. Similarly, for item type 2, upper response
time limits were set at 72 and 144 h for coverage levels 1 and 2, respectively. We assumed that
the coverage beneﬁt level decreases at a higher rate for the more critical item type and so the
second level coverage beneﬁts were set to 0.4 and 0.6 for item types 1 and 2, respectively.
The expected demand for each item type for each scenario was determined based on world
population data. We calculated the total population associated with each grid cell based on
world population data from the SEDAC (2007). Demand for scenarios was then created randomly for both types of items based on the population in the associated grid cell and the
disaster impact level.
We considered 45 candidate distribution centre locations, all located in areas with high
population density (assuming that these areas would correlate to transportation accessibility)
and in grid cells with zero historical disaster occurrence probability (to minimize the possibility
of losing a distribution centre to a disaster itself). In our computations, we speciﬁed the
distribution centre capacity constraints loosely in order to allow the model to determine the
capacities (size) of the DCs simultaneously with other decisions. Other parameters required
by the model were set hypothetically as shown in table 2.
4.2

Computational results

In this section, we present computational results and analyse the behaviour of the proposed
model. The results reported below were obtained using GAMS/Cplex.
Table 1.
Impact
level

Number of
deaths

1
2
3
4

≤250
≤2,000
≤50,000
>50,000

Disaster impact levels.

The percentage of total
deaths at this level (%)

Number of historical
disasters at this level

Number of scenarios
with this impact level

∼1
∼5
∼33
∼61

420
128
82
9

145
74
59
8
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Table 2.
Fixed cost of locating a
distribution centre
Unit cost of acquiring and storing
relief items
Distribution centre capacity
Unit volume of relief items
Delivery time between distribution centres and demand points
(hours)
Unit cost of shipping from
distribution centres to demand
points

Model parameters.

$100,000 (the same for each distribution centre
candidate)
$18 per unit of item type 1; $20 per unit of item type 2
(the same for each distribution centre candidate)
100,000 cubic metres (the same for each distribution
centre candidate)
1 cubic metre (the same for each item type)
40 h + (1/804.7 km/h)× (distance between grid cell
centroids) (the same for each item type and distribution
centre candidate )
$5× delivery time (the same for each item type and
distribution centre candidate )

We ran the model under different pre- and post-disaster budget constraints, whose results
are provided in tables 3 and 4. The ﬁrst sets of rows in tables 3 and 4 are the results obtained by
changing the pre-disaster budget while keeping the post-disaster budget constant. The second
sets of rows in these tables are the results from varying post-disaster budgets while keeping
the pre-disaster budget constant. Finally, the third sets of rows of tables 3 and 4 correspond to
the results obtained by simultaneously changing pre- and post-disaster budgets.
Table 3 shows the solutions obtained in terms of the number of distribution centres, total
amount of inventory at the distribution centres, and the minimum, average and maximum
response time to satisfy demand for both types of items. Table 4 reports the percentage of
scenarios in which demands were satisﬁed from distribution centre stocks, where each scenario
belongs to one of the columns based on the proportion of demand satisﬁed. The last two
columns of table 4 show the percentage of scenarios in which demands were satisﬁed at
coverage level 1 for both item types; that is, these columns reﬂect quality of coverage for
satisﬁed demand.
First, we observed a set of problems in which we ﬁxed the post-disaster budget and increased
the pre-disaster budget incrementally. When the pre-disaster budget was set to its minimum
for our example ($200,000), the model opened one distribution centre, which was located on
the Indian west coast. The single distribution centre stocked both types of items and covered
a region in which the number of high-impact (in terms of frequency and population affected)
disaster scenarios was large. From the results, the stocks held for item type 1 could entirely be
used to satisfy only the demand of scenarios in the very close vicinity of the distribution centre,
due to the limited transportation budget. As the distance between the distribution centre and
the scenarios increased, the proportion of satisﬁed type 1 demand decreased. From table 4,
type 1 demands in 16.1% of the scenarios were fully satisﬁed. These scenarios were those with
the lowest demand, and so the inventory and transportation capacity were sufﬁcient to satisfy
those demands. Also, these cases allowed for type 2 items to be delivered with the remaining
budget.
As we increased the amount of pre-disaster relief budget to $400,000, the model added a
second distribution centre in Central America, which was approximately identical in capacity
(for both item types) to the ﬁrst distribution centre. As shown in tables 3 and 4, this increase
in the pre-disaster budget led to an increase in the proportion of demand satisﬁed, improved
coverage quality, and reduced average response time for type 1 items. For type 2 items, the
proportion of satisﬁed demand increased; however, the number of scenarios in which demand
was satisﬁed decreased.
As the pre-disaster budget was further increased, the model responded by locating more
distribution centres (not necessarily by adding to the current set of distribution centres) with
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approximately the same capacities, stocking more supplies of both types. The quality of
coverage tended to improve as more distribution centres were established. For all instances,
all distribution centres carried item type 1 in approximately equal amounts; however, the
amounts of item type 2 stocks at the distribution centres varied widely as the number of
distribution centres increased. Moreover, as the pre-disaster budget was gradually increased,
the proportion of type 1 demand that could be satisﬁed for a particular scenario increased
and then became steady. This was because even if the amount of inventory pre-positioned
worldwide increased, a scenario’s demand could only be satisﬁed from a set of distribution
centres (due to limited post-disaster budgets). Indeed, results showed that a scenario’s type 1
demand was rarely satisﬁed by more than one distribution centre, although type 2 demands
were more commonly satisﬁed from multiple distribution centres. With the exception of the
case containing the lowest pre-disaster budget, type 2 items were only delivered to low-demand
scenario locations whose type 1 demand could be completely satisﬁed. It was also observed
that the response time measures ﬂuctuated for item type 2, while the average and maximum
response times for type 1 items tended to improve with increases in pre-disaster funding.
The results obtained for increased pre-disaster budget amounts while ﬁxing the post-disaster
budget indicated the advantages and disadvantages of establishing a decentralized relief system.As the pre-disaster budget increased, more supplies could be stocked at many locations, the
distances between facilities and disaster scenario locations decreased, and hence the system’s
responsiveness improved. That is, relief operations became localized, where each distribution
centre served a particular local region. The practical disadvantages of excessive localization in
the relief system may include the difﬁculties in managing many facilities and low throughput
at the distribution centres (since each distribution centre is likely to respond fewer disasters)
which may lead to obsolescence and hence increased inventory costs.
Next, we observed the results for the problems with a ﬁxed pre-disaster budget and variable
post-disaster budget. When the post-disaster budget is set at a minimal value, the model opened
eight distribution centres, each close to areas with high population and/or high disaster risk.
Each distribution centre carried an approximately equal number of item type 1, but varying
numbers of item type 2. Since the transportation budget was very limited, the amount of
supplies that could be delivered to meet the demands of scenarios was very low. Actually,
most of the pre-disaster budget was spent on ﬁxed cost of establishing distribution centres
rather than stocking relief supplies, since there was limited funding available to deliver the
supplies. However, a good coverage level and low response times were achieved for the satisﬁed
demands. We observed that type 1 supplies were shipped from a single distribution centre,
whereas type 2 demands were satisﬁed by multiple facilities.
As post-disaster funding increased, the number of distribution centres tended to decrease
and the total amount of type 1 inventory at the distribution centres increased, while the total
amount of type 2 inventory ﬂuctuated. As observed from table 4, the percentage of scenarios whose type 1 demand was fully satisﬁed increased as post-disaster funding increased.
Moreover, although there were ﬂuctuations in the total amount of type 2 stocks (table 3), the
percentage of scenarios receiving no type 2 supplies decreased. We observed that although
a greater proportion of overall demand could be satisﬁed, the percentage of scenarios that
could be covered at level 1 gradually decreased for type 1 items since network centralization
necessitated supplies to be shipped over longer distances. As a result, average response time
for the satisﬁed type 1 demand increased. For all instances, we observed that type 2 supplies
were only delivered to locations whose type 1 demand was fully satisﬁed. We also observed
that demands began to be satisﬁed from multiple distribution centres as more post-disaster
funding became available. Finally, the distribution centres in the network did not have identical
capacities; as the number of distribution centres decreased, the capacity differences among
the distribution centres increased.
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In summary, as more post-disaster relief funds became available, the distribution network
tended to become more centralized. Larger demand amounts could be satisﬁed by fewer
facilities, but at the expense of increased transportation costs and response times. As the
number of distribution centres decrease and each distribution centre stocks and distributes
more supplies, economies of scale may be achieved in operating relief supply inventories.
However, having few stocking points would require larger transportation capacity at each
distribution centre.
The results suggest that the response time for critical items was primarily affected by investments in establishing facilities and stocking supplies. However, if the post-disaster budget was
limited, the amount of supplies distributed could not be increased even with increases in the
number of facilities in the network. Additionally, the amount of critical supplies distributed
was primarily affected by the available transportation budget; however, if pre-disaster funding
is low, more demand could be satisﬁed only by transporting supplies very long distances.
To observe the effects of changing both types of budgets simultaneously, we solved a set of
problems for various pre- and post-disaster budgets, whose results are also shown in tables 3
and 4. According to the results, as both types of budgets increased, the number of distribution
centres gradually increased, additional type 1 supplies were held at and delivered from the
distribution centres, and the average response time decreased. Although the amount of type 2
inventory ﬂuctuated, there was an increasing trend in the amount of satisﬁed type 2 demand
as well. Finally, similar to the results obtained for which one of the budgets was changed, a
scenario’s type 2 item demand could only be satisﬁed if type 1 item demand of the scenario
could be fully satisﬁed. That is, the critical items always had priority, and if a scenario’s type 1
item demand was large, type 2 item demand could not be satisﬁed since all resources were
used to satisfy the critical demand. Therefore, system-wide inventory was comprised of mostly
critical supplies; less critical supplies were stocked in minimal amounts.
We observed greater improvements in model solutions when both budgets were increased.
Those improvements were observed in terms of both response time and the amount of demand
satisﬁed, as compared to the cases in which only one of the budgets increased, while the
other one was ﬁxed. For example, suppose that both budgets were equal to $1,000,000 and
an additional $400,000 would be invested for pre- and/or post-disaster relief logistics. We
observed improvements in both performance measures when both budgets were increased to
$1,200,000. The improvement in terms of each measure was slightly lower than what could be
obtained when additional money was used completely for pre- or post-disaster investment (in
this case increasing either pre- or post-disaster budget to $1,400,000). However, the system
performance certainly improved by increasing both pre- and post-disaster logistics capacities
if both objectives (decreasing response time and increasing amount satisﬁed) were important.
In the next section, we discuss the managerial implications of the proposed model for relief
decision-makers.

5.

Management implications

The proposed model supports relief chain managers by providing an integrated global stock
pre-positioning system for the relief chain. Speciﬁcally, the model determines the number
and locations of distribution centres to be located in the relief network and inventory at the
established facilities for various relief supplies. The model provides a systematic approach
that would enable relief organizations to design an effective and efﬁcient network and also
help to assess the response capacity and performance of the designed network.
By incorporating inventory-related decisions into facility location decisions, the proposed
model facilitates both tactical and strategic decisions of the relief practitioners. Since facility
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location decisions (number and location of facilities) address a longer horizon and may be
highly dependent on dynamic model parameters (e.g. unit costs, and available funding), sensitivity analysis would be recommended before ﬁnalizing these strategic decisions. On the
other hand, decisions related to the amount of stocks at each facility can be updated more
frequently; that is, once the facilities are located, inventory-related decision variables can be
re-optimized when necessary.
Different than the traditional facility location models in the literature, the proposed model
evaluates the performance of the solutions, not only based on the distance/time between the
facilities and demand locations, but also a service criterion which provides information about
what proportion of a scenario’s demand can be satisﬁed from the established facilities. Moreover, the model considers multiple types of relief supplies and develops an inventory strategy
for stocking different types of supplies. This inventory-related information would also help
managers with other relief chain decisions, such as supplier procurement and transportation.
For instance, based on the amount of stocks waiting to be delivered at each facility, sufﬁcient transportation capacity would be established in the region. Also, managers would know
the expected amounts of supplies to be procured from other sources (local and international
suppliers) and could pursue appropriate pre-disaster agreements with suppliers.
Based on our computational results, pre- and post-disaster budgets signiﬁcantly affect the
performance of the disaster response, in terms of response time and proportion of demand
satisﬁed for critical items. The sensitivity analysis led to important implications for relief
organizations and the donor community. The results highlight the importance of pre-disaster
investments and planning, which has been underrated compared to the funding of post-disaster
activities. In particular, the results indicate that a rapid and efﬁcient disaster response is not
primarily achieved through post-disaster funding.

6.

Conclusions and future research

In this study, our objective was to characterize the facility location problem for humanitarian
relief chains and develop an analytical approach that will enable relief practitioners to make
efﬁcient and effective facility location and stock pre-positioning decisions. We developed a
maximal-covering type model that determines the number and locations of the distribution
centres in the relief network and the amount of relief supplies to be stocked at each distribution
centre. Our computational analysis demonstrated the effects of pre- and post-disaster relief
funding on relief system performance, in terms of response time and proportion of demand
satisﬁed. The model results highlighted important implications for the decision-makers in the
relief system.
A number of extensions are possible for this model. The inventory policy used in this
study was based on the assumption that disasters may not occur simultaneously and that
distribution centres hold enough inventory to satisfy the demand for any scenario to which it
is assigned. Future research would focus on developing more sophisticated inventory policies
for relief chains responding to quick-onset disasters, which would also contribute to facility
location decisions. We developed the example problem based on publicly available disaster
data. Due to data limitations, some parameters were estimated. For instance, we estimated
relief supply demand for each disaster scenario based on mortality statistics from previous
disasters and area population. Therefore, future efforts in data collection would support the
implementation of this model and enhance the analysis.
Finally, many problem instances can be optimally solved using commercially available
optimization software. However, for larger problems (i.e. if the number of scenarios, items, or
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distribution centre candidates were increased) solution times and hence computational burden
of model analysis would increase. Therefore, future research would include the development
of heuristic approaches that ﬁnd near-optimal solutions for this model.

Acknowledgements
This work was partly supported by the National Science Foundation (CMMI-0624219). We
would like to thank World Vision International, especially Randy Strash, George Fenton and
Dean Salisbury for providing us with an understanding of the disaster relief environment. We
would also like to thank the anonymous referees for their helpful comments and suggested
improvements.

References
Adinolﬁ, C., Bassiouni, D.S., Lauritzsen, H.F. and Williams, H.R. Humanitarian response review. Available online
at: http://www.reliefweb.int/library/documents/2005/ocha-gen-02sep.pdf (accessed 20 March 2007).
Angelis, V.D., Mecoli, M., Nikoi, C. and Storchi, G., Multiperiod integrated routing and scheduling of World Food
Programme cargo planes in Angola. Comput. Oper. Res., 2007, 34(6), 1601–1615.
Barbarosoglu, G. and Arda,Y., A two-stage stochastic programming framework for transportation planning in disaster
response. J. Oper. Res. Soc., 2004, 55(1), 43–53.
Barbarosoglu, G., Ozdamar, L. and Cevik, A., An interactive approach for hierarchical analysis of helicopter logistics
in disaster relief operations. Euro. J. Oper. Res., 2002, 140(1), 118–133.
Beamon, B., Humanitarian relief chains: Issues and challenges, in Proceedings of the 34th International Conference
on Computers and Industrial Engineering, San Francisco, CA, 2004.
Beamon, B.M. and Kotleba, S.A., Inventory modelling for complex emergencies in humanitarian relief operations.
Int. J. Logist.: Res. and Appl., 2006a, 9(1), 1–18.
Beamon, B.M. and Kotleba, S.A., Inventory management support systems for emergency humanitarian relief
operations in South Sudan. Int. J. Logist. Manag., 2006b, 17(2), 187–212.
Beamon, B.M. and Balcik, B., Performance measurement in humanitarian relief chains. Int. J. Public Sector Manag.,
in press.
Berman, D. and Krass, D., The generalized maximal covering location problem. Comput. Oper. Res., 2002, 29(6),
563–581.
Berman, D., Krass, D. and Drezner, Z., The gradual covering decay location problem on a network. Euro. J. Oper.
Res., 2003, 151(3), 474–480.
Church, R.L. and ReVelle, C., The maximal covering location problem. Papers Region. Sci. Assoc., 1974, 32(1),
101–118.
Current, J. and Storbeck, J., Capacitated covering models. Environ. Plan. B, 1988, 15(2), 153–164.
Daskin, M.S., Network and Discrete Location: Models, Algorithms, and Applications, pp. 92–134, 1995 (Wiley:
New York).
Dilley, M., Chen, R.S., Deichmann, U., Lerner-Lam, A.L. and Arnold, M., Natural disaster hotspots: A global risk
analysis. The World Bank Hazard Management Unit, 2005.
Drezner, Z., Wesolowsky, G.O. and Drezner, T., The gradual covering problem. Naval Res. Logist., 2004, 51(6),
841–855.
Haghani, A., Capacitated maximum covering location models: Formulations and solution procedures. J. Adv.
Transport., 1996, 30(3), 101–136.
Haghani, A. and Oh, S.C., Formulation and solution of a multi-commodity, multi-modal network ﬂow model for
disaster relief operations. Transport. Res. Part A-Policy and Practice, 1996, 30(3), 231–250.
Hale, H., Commodity management enhancement project: Food aid logistics operational handbook, 1999. Available
online at: http://www.foodaid.org/pdfdocs/cmgmt/cmep.pdf (accessed 25 March 2007).
Hale, T.S. and Moberg, C.R., Location science research: A review. Ann. Oper. Res., 2003, 123(1–4), 21–35.
IFRC (International Federation of Red Cross and Red Crescent Societies), World disasters report 2005: Focus on
information in disasters, 2005. Available online at: http://www.ifrc.org/publicat/wdr2005/ (accessed 13 March
2007).
ISDR (International Strategy for Disaster Reduction), Press Release, January 2006. Available online
at: http://www.unisdr.org/eng/media-room/press-release/2006/PR-2006-02-Disasters-increase-18-per-cent2005-but-death-rates-drop.pdf (accessed 13 March 2007).
Karasakal, O. and Karasakal, E.K., A maximal covering location model in the presence of partial coverage. Comput.
Oper. Res., 2004, 31(9), 1515–1526.
Klose, A. and Drexl, A., Facility location models for distribution system. Euro. J. Oper. Res., 2005, 162(1), 4–29.
Knott, R., The logistics of bulk relief supplies. Disasters, 1987, 11, 113–115.

Facility location in humanitarian relief

121

Knott, R., Vehicle scheduling for emergency relief management: A knowledge-based approach. Disasters, 1988, 12,
285–293.
Marianov, V. and ReVelle, C., Siting emergency services. In Facility Location: A Survey of Applications and Methods,
edited by Z. Drezner, pp. 199–223, 1995 (Springer-Verlag Inc.: New York).
NGDC (National Geophysical Data Center). Available online at: http://www.ngdc.noaa.gov/seg/hazard/hazards.
shtml (accessed 15 March 2007).
Oh, S.C. and Haghani, A., Testing and evaluation of a multi-commodity multi-modal network ﬂow model for disaster
relief management. J. Adv. Transport., 1997, 31(3), 249–282.
Oloruntoba, R. and Gray, R., Humanitarian aid: an agile supply chain? Suppl Chain Manage., 2006, 11(2), 115–120.
Owen, S.H. and Daskin, M.S., Strategic facility location: A review. Euro. J. Oper. Res., 1998, 111(3), 423–447.
Ozdamar, L., Ekinci, E. and Kucukyazici, B., Emergency logistics planning in natural disasters. Ann. Oper. Res.,
2004, 129(1–4), 217–245.
PAHO (Pan American Health Organization), Humanitarian supply management in logistics in the health sector, 2001.
Available online at: http://www.paho.org/English/PED/Humanitarian Supply-part1.pdf (accessed 15 March
2007).
Pirkul, H. and Schilling, D.A., The maximal covering location problem with capacities on total workload. Manage.
Sci., 1991, 37(2), 233–248.
ReVelle, C., Bigman, D., Schilling, D., Cohon, J. and Church, R., Facility location: a review of context-free and EMS
models. Health Services Res., 1977, 12(2), 129–146.
ReVelle, C.S. and Eiselt, H.A., Location analysis: A synthesis and survey. Euro. J. Oper. Res., 2005, 165(1), 1–19.
Salisbury, D., Telephone interview (7 February 2007).
Schilling, D.A., Vaidyanathan, J. and Barkhi, L.R., A review of covering problems in facility location. Location Sci.,
1993, 1, 25–55.
SEDAC (Socioeconomic Data and Applications Center). Available online at: http://sedac.ciesin. columbia.edu/gpw/
(accessed 16 March 2007).
Stephenson, R.S., Logistics module 1st edition, UNDP Disaster Management Training Programme, 1993. Available
online at: http://www.undmtp.org/english/logistics/logistics.pdf (accessed 16 March 2007).
Strash, R. Personal interview (2 April 2004).
Thomas, M.U., Supply chain reliability for contingency operations, in Proceedings of the Annual Reliability and
Maintainability Symposium, 2002, 61–67.
Thomas, A.S., Humanitarian logistics: Enabling disaster response. Available online at: http://www.
fritzinstitute.org/PDFs/WhitePaper/EnablingDisasterResponse.pdf (accessed 6 March 2007).
Thomas, A.S. and Kopczak. L.R., From logistics to supply chain management: The path forward in the humanitarian sector. Fritz Institute, 2005. Available online at: http://www.fritzinstitute. org/PDFs/WhitePaper/From
Logisticsto.pdf (accessed 20 April 2007).
UNHRD. Available online at: http://www.unhrd.org/default.asp. (accessed 27 February 2007).
Van Wassenhove, L.N., Humanitarian aid logistics: supply chain management in high gear. J. Oper. Res. Soc., 2006,
57(5), 475–489.
Viswanath, K. and Peeta, S., Multicommodity maximal covering network design problem for planning critical routes
for earthquake response. Transport. Res. Record, 2003, 1857, 1–10.

