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Abstract

In this paper, we study a humanitarian relief network design problem, where the demand for
relief supplies in each affected area is uncertain and can be met by more than one relief facility.
Given a certain cost budget, we simultaneously optimize the decisions of relief facility location,
inventory pre-positioning, and relief facility to affected area assignment so as to maximize the re-
sponsiveness. The problem is formulated as a chance-constrained stochastic programming model
in which a joint chance constraint is utilized to measure the responsiveness of the humanitarian
relief network. We approximate the proposed model by another model with chance constraints,
which can be solved based on two settings of the demand information in each affected area: (1)
the demand distribution is given; and (2) the partial demand information, e.g., the mean, the
variance, and the support, is given. We use a case study of the 2014 Typhoon Rammasun to
illustrate the application of the model. Computational results demonstrate the effectiveness of
the solution approaches and show that the chance-constrained stochastic programming models
are superior to the deterministic model for humanitarian relief network design.

Keywords: Responsiveness maximization; Humanitarian relief network design; Chance-constrained
stochastic programming

1 Introduction

Disasters such as earthquakes, floods, or typhoons result in huge property damages and human

injuries. According to a report of International Federation of Red Cross and Red Crescent Societies

(IFRC) in 2018, 3,751 natural disasters, occurred in 198 countries during 2008-2017, led to 2 billion

people affected and the total direct economic losses caused by these disasters were estimated at
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US$1,658 billion.1 The severe influence caused by disasters has attracted extensive attention of

relief organizations and researchers in improving the effectiveness of humanitarian relief operations

and motivated a growing number of studies related to disaster relief management (see Gupta et al.,

2016).

Disaster operations management is composed of four stages (i.e., mitigation, preparedness,

response, and recovery), in which the mitigation and preparedness phases are related to pre-disaster

relief actions, and the response and recovery phases involve post-disaster relief activities (see Anaya-

Arenas et al., 2014). Among these disaster relief efforts, the post-disaster relief operations may

produce poor-performance outcomes without the pre-disaster relief commitments (see Salmerón

and Apte, 2010). For instance, even if relief organizations obtain adequate relief resources from

suppliers like local private enterprises through making contractual agreements (see Wang et al.,

2019), as long as they do not pre-position these relief resources in the right relief facilities in

the pre-disaster stage, the relief resources may not be delivered to the affected areas timely and

sufficiently after a disaster. Since the timely availability of adequate relief supplies has an important

effect on the survival rate of the affected people, pre-positioning sufficient relief supplies in the right

relief facilities allows relief organizations to provide sufficient relief supplies to the affected areas

in time, and thus guarantees the basic life of the affected people. Hong et al. (2015) also discuss

the importance of long-term pre-disaster planning, one critical component of which is the design

of humanitarian relief network (see Hasanzadeh and Bashiri, 2016). Moreover, the humanitarian

relief network could be considered as a connection between the preparedness and response phases,

which increases the ability of relief organizations to implement high-performance disaster relief

operations (i.e., establishing relief facilities at appropriate locations and storing suitable amount

of relief supplies in the open relief facilities) (see Thomas, 2008). In this paper, we consider the

humanitarian relief network design problem for strategic planning purpose.

In the disaster relief context, relief organizations are faced with huge time pressure due to the

fact that once a disaster occurs, time is life and relief supplies should be delivered to the affected

areas as quickly as possible (see Van Wassenhove, 2006), thus alleviating human suffering which is

the main goal for any humanitarian relief operations (see Wang et al., 2017). In addition, according

to the National Comprehensive Disaster Prevention and Mitigation Plan (2016-2020), it is essential

to guarantee that the affected people should be rescued within 12 hours after the occurring of a

disaster.2 In order to ensure that the affected people can receive relief supplies in time and thus

alleviate the suffering of people in need, we deal with the issue of timely rescue by defining rescue
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radius, i.e., if an affected area is within the pre-specified rescue radius of a relief facility, it can be

served by the relief facility; otherwise, the affected area cannot be covered by the relief facility.

Apart from the timely supply of relief resources, it is of significance to take into account the

sufficient supply of relief resources, ensuring that the demand can be fulfilled at a high service level.

As it is very difficult to predict the time and severity of a disaster, the number of people affected

and thus the demand for relief supplies is uncertain. Besides, the design of humanitarian relief

network is carried out in the pre-disaster stage and the pre-disaster relief funding is financially

restricted (see Balcık and Beamon, 2008). In the disaster relief context, considering the budgetary

constraints in the pre-disaster stage, it is essential to ensure that the uncertain demand can be

satisfied at a high service level and a cost-inefficient humanitarian relief network can be avoided.

In the design of a humanitarian relief network, it is critical to capture the characteristic of the

inherent uncertainty in demand for relief supplies. The significance of managing demand uncertainty

in the disaster relief environment is also emphasized by Noyan (2012). To this end, we use stochastic

programming to cope with the demand uncertainty and utilize a joint chance constraint to ensure

that the demand for relief supplies in the affected areas can be met at a highest possible service

level under the budget limitation for disaster preparedness.

In this paper, we develop a chance-constrained stochastic programming model to study human-

itarian relief network design. Given a certain cost budget, the model determines the locations of

the relief facilities, the amount of relief supplies stored at each open relief facility, as well as the

assignments between the open relief facilities and the affected areas, so as to maximize the respon-

siveness. It is noteworthy that both the supply delivery time and the demand fulfillment reflect the

responsiveness of a humanitarian relief network (see Bastian et al., 2016). In our model, the supply

delivery time are explicitly taken into account by imposing an effective rescue radius. Therefore,

we use the probability to serve demand without shortage (i.e., the service level) to represent the

responsiveness of the designed humanitarian relief network. To maximize the utilization of the

pre-positioned resources, the demand for relief supplies in an affected area can be satisfied by more

than one relief facility. The model also handles the uncertainty in demand with a joint chance con-

straint, which guarantees that the uncertain demand in each affected area can be met at a service

level determined by the responsiveness of the network. We approximate the proposed model using

another model with joint chance constraints, which can be solved based on two different cases:

• Case 1. The demand distribution in each affected area is known. By assuming that

the uncertain demand in each affected area follows independent Normal (uniform, resp.)
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distribution, we develop the Normal-distribution-based (Uniform-distribution-based, resp.)

approach to solve the chance-constrained stochastic programming model.

• Case 2. Partial information about the demand in each affected area is known. Sup-

pose that we only know the information such as the expectation, the finite support, the

variance of the uncertain demand in each affected area. We develop the Hoeffding and the

one-sided Chebyshev approximations to solve the chance-constrained stochastic programming

model.

In each case, the chance-constrained stochastic programming model can be transformed into a

linear mixed-integer program (MIP), and thus can be solved by CPLEX directly.

Our paper contributes to the literature in the following two aspects: (1) We develop a chance-

constrained stochastic programming model for humanitarian relief network design and implement it

using a case study of the 2014 Typhoon Rammasun in China; and (2) To tackle the computational

challenges, we approximate the proposed model using another model with joint chance constraints.

The resulting approximation model can be solved based on two settings of the demand information

in each affected area: (i) The demand distribution is given; and (ii) The partial demand information,

e.g., the mean, the variance, and the support, is known.

The rest of the paper is organized as follows. We review the relevant literature in Section 2.

In Section 3, we describe the humanitarian relief network design problem and develop the chance-

constrained stochastic programming model. The solution approaches are proposed in Section 4. We

use a case study in Section 5 and its variants in Section 6 to illustrate the application of the model.

Finally, we conclude the paper in Section 7. The appendices, which include all the proofs, the

procedure to generate inputs in the case study of the 2014 Typhoon Rammasun, and the endnotes,

are available in the online supplemental file.

2 Literature review

There exists a rich amount of literatures that develop optimization models to study various

disaster relief management problems. Those interested in a comprehensive review of it can refer

to, e.g., Altay and Green (2006), Galindo and Batta (2013), Anaya-Arenas et al. (2014), Gupta

et al. (2016), Ye et al. (2019), Wamba (2020), and Dönmez et al. (2021). We primarily review

the relevant literature on humanitarian relief network design. Horner and Downs (2007) propose
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an integer programming model to study the humanitarian relief network design problem. The

problem determines the locations of relief facilities and assignments between relief facilities and

demand points. Their model minimizes the cost of assigning relief supplies from relief facilities to

demand points and requires that each demand point is served by only one relief facility, i.e., the

single-sourcing strategy is adopted. Yushimito et al. (2012) also use the single-sourcing strategy to

develop a facility location model that decides the locations of relief facilities and which relief facility

serves each affected area. The model maximizes the coverage of affected areas while minimizing

the human suffering that is measured by a social cost function depending on the distance between

the relief facility and the affected area. In addition, Marcelin et al. (2016) propose a single-

sourcing facility location optimization model, which minimizes the total transportation costs of

providing relief supplies from relief facilities to demand points and imposes an upper bound on

the total number of the relief facilities open. Other single-sourcing models developed to study

the humanitarian relief network design problem can be found in, e.g., Horner and Downs (2010),

Horner and Widener (2011), and Erbeyoǧlu and Bilge (2020). In contrast, our model allows that

the demand in each affected area can be satisfied by more than one relief facility, i.e., the multi-

sourcing strategy is used in our study. Notably, Balcık and Beamon (2008) apply the multi-

sourcing strategy to develop a maximal covering location model integrating relief facility location

and emergency inventory pre-positioning decisions. The uncertain demand is represented by a set

of scenarios, each of which is assumed to be realized by a given probability. The objective is to

maximize the total expected demand covered by the established relief facilities. Their model has an

implicit assumption that in each scenario there is only one demand point and the implementation

is illustrated by an earthquake case. In general, there is an epicenter in an earthquake, the affected

area covered by which is relatively small compared with other disasters such as hurricanes, typhoons

or floods. Consequently, their model may not be applicable to those disasters that are generally

characterized by multiple affected areas.

Another stream of research that relates to our study focuses on developing two-stage stochas-

tic/robust models, in which the first- and second-stage decisions correspond to the pre- and post-

disaster relief operations, respectively (see, e.g., Rawls and Turnquist, 2010; Ben-Tal et al., 2011;

Rawls and Turnquist, 2011; Döyen et al., 2012; Bozorgi-Amiri et al., 2013; Elçi and Noyan, 2018; Ni

et al., 2018; Noham and Tzur, 2018). In these models, the pre-disaster decisions include the relief

facility location and inventory pre-positioning, and the post-disaster decisions are related to the

distribution of the relief supplies. These models, however, are built within the outbound emergency

5



logistics context and do not take into account the assignments between the affected areas and the

open relief facilities in the pre-disaster stage.

In this paper, we develop a stochastic programming model to study the humanitarian relief

network design problem. A joint chance constraint is employed to model the responsiveness of

the network, which we intend to maximize under a budget constraint. In general, a stochastic

programming model with a joint chance constraint is significantly more challenging to solve than

that with individual chance constraints (see Elçi et al., 2018). For a comprehensive review on the

chance-constrained stochastic programming, we refer to Prékopa (1995), Prékopa (2003), Dentcheva

(2006), Birge and Louveaux (2011), and Shapiro et al. (2014).

3 Problem description and model formulation

We consider a humanitarian relief network design problem that involves a set of affected areas

and a set of potential locations of relief facilities. The supply capacity of each relief facility is

given. Each affected area has an uncertain demand of relief supply, which is represented by a set of

demand scenarios. The relief supply is regarded as a disaster relief commodity package that can be

a bundle of critical relief necessities such as tents, quilts, medical kits, etc. Note that the disaster

relief commodity package used in our study is defined in Appendix B.3 of the online supplemental

file. We assume that the demand of each affected area can be served by more than one relief facility.

The following three types of costs are considered in the humanitarian relief network design

problem.

• Fixed location and operation costs. There is a fixed cost of locating and operating each relief

facility.

• Inventory pre-positioning costs. We need to acquire relief supplies and store them in the open

relief facilities, which leads to the inventory pre-positioning costs.

• Assignment costs. In the disaster relief context, in order to ensure that affected people can

be effectively rescued after a disaster, relief supplies should be delivered to affected areas

through specific transportation modes (trucks or helicopters) within the effective rescue time.

The speed of the transportation mode and the effective rescue time determine the effective

rescue radius of a relief facility. If the distance between a relief facility and an affected area

does not exceed the effective rescue radius, i.e., the relief facility can effectively rescue (serve)
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Table 1: Model notations

Sets and Indices

F set of potential locations of relief facilities; i ∈ F

A set of affected areas; j ∈ A

Ω set of demand scenarios; ω ∈ Ω

Parameters

Dj(ω) realized demand for relief supplies in affected area j under the scenario ω, ∀j ∈ A,

ω ∈ Ω

fi fixed cost of locating and operating a relief facility at location i, ∀i ∈ F

hi inventory pre-positioning cost for each unit of relief supply at relief facility i, ∀i ∈ F ,

which includes the cost to acquire and store one unit of relief supply

Qi supply capacity of relief facility i, ∀i ∈ F

cij fixed cost of assigning relief facility i to affected area j, ∀i ∈ F , ∀j ∈ A

B cost budget for preparedness

Decision variables

ε 1− ε corresponds to the responsiveness of a humanitarian relief network

Yi Yi = 1 if a relief facility is located at location i, and Yi = 0 otherwise, ∀i ∈ F

Xij Xij = 1 if relief facility i serves affected area j, and Xij = 0 otherwise, ∀i ∈ F , j ∈ A

Ii amount of relief supplies stored at open relief facility i, ∀i ∈ F

θij(ω) amount of relief supplies shipped form relief facility i to its assigned affected area j

when the demand is realized as Dj(ω), ∀i ∈ F , ∀j ∈ A, ω ∈ Ω

the affected area, the assignment cost between them is set to be 0; otherwise, we set the

assignment cost to be a large number.

Given a certain cost budget for preparedness, the problem is to simultaneously determine: (1)

the locations of the open relief facilities, (2) the amount of relief supplies to be stored in each

open relief facility, and (3) which set of open relief facilities serves each affected area so that the

responsiveness is maximized.

With the notations defined in Table 1, the humanitarian relief network design problem can be
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formulated as follows.

P1 : max 1− ε (1)

s.t.
∑
i∈F

fiYi +
∑
i∈F

hiIi +
∑
i∈F

∑
j∈A

cijXij ≤ B, (2)

Prob


∑

j∈A θij(ω) ≤ Ii ∀i ∈ F∑
i∈F θij(ω) ≥ Dj(ω) ∀j ∈ A

; ∀ω ∈ Ω

 ≥ 1− ε, (3)

0 ≤ θij(ω) ≤MXij , ∀i ∈ F , j ∈ A, ω ∈ Ω, (4)

Xij ≤ Yi, ∀i ∈ F , j ∈ A, (5)

Ii ≤ QiYi, ∀i ∈ F , (6)

Ii ≥ 0, ∀i ∈ F , (7)

Yi, Xij ∈ {0, 1}, ∀i ∈ F , j ∈ A, (8)

where M is a big number. Constraint (2) specifies the budget limitation on the total costs of relief

facility location, relief supply pre-positioning, and assignment. The set of inequalities in constraint

(3) represents an event such that under each demand scenario ω (ω ∈ Ω) in this event, the total

amount of relief supplies shipped from each relief facility to its assigned affected areas does not

exceed its available inventory and the demand of each affected area can be satisfied. Constraint (3)

is a joint chance constraint which ensures that the probability of the occurrence of the event, i.e.,

the probability that no shortage occurs at any affected area, is at least 1− ε. Constraint (4) means

a relief facility could only supply the linked affected areas. Constraint (5) ensures that an affected

area can only be assigned to the open relief facilities. Constraint (6) requires that relief supplies

can only be stored in the open relief facilities with limited supply capacity. Constraints (7) and

(8) are the standard non-negative and binary restrictions. The objective function (1) maximizes

the responsiveness of a humanitarian relief network, which, as shown in constraint (3), corresponds

to the probability that the demands in all affected areas could be fulfilled by the relief supplies

shipped to these areas.

4 Solution methods

Model P1 presented in Section 3 integrates the decisions of relief facility location, inventory pre-

positioning, and relief facility to affected area assignment. It is very difficult to find the optimal

solution to model P1 because it contains a joint chance constraint and integer variables. The key
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difficulty comes from the joint chance constraint. We first develop another model with chance

constraints to approximate model P1.

The humanitarian relief network can be represented by a bipartite graph G := {A ∪ F ,Θ},

where Θ ⊆ A×F = {(i, j) : i ∈ F , j ∈ A} denotes the set of links in G. Each link (i, j) ∈ Θ means

that relief facility i serves affected area j. Let Γ(S) be the set of relief facilities that can serve the

affected areas in set S for S ⊆ A, i.e., Γ(S) := {i : (i, j) ∈ Θ, j ∈ S ⊆ A}.

Definition 1. A humanitarian relief network G = {A ∪ F ,Θ} is a feasible humanitarian relief

network to model P1 if Γ(j) 6= ∅ for all j ∈ A, and (i, j) ∈ Θ if and only if i ∈ Γ(j) for all j ∈ A.

Obviously, a feasible humanitarian relief network G is corresponding to a feasible solution

(X0
ij , Y

0
i ) to model P1, where

Y 0
i =

 1, if i ∈ Γ(S);

0, otherwise;
and X0

ij =

 1, if (i, j) ∈ Θ;

0, otherwise.

Proposition 1. For a given feasible solution (X0
ij , Y

0
i ), the joint chance constraint of model P1

Prob


∑

j∈A θij(ω) ≤ Ii ∀i ∈ F∑
i∈F θij(ω) ≥ Dj(ω) ∀j ∈ A

; ∀ω ∈ Ω

 ≥ 1− ε

is equivalent to

Prob

∑
j∈S

Dj(ω) ≤
∑
i∈Γ(S)

Ii,∀S ⊆ A, ω ∈ Ω

 ≥ 1− ε. (9)

The chance constraint (9) implies that for any S ⊆ A of the affected areas, the linked relief facilities

should have adequate relief supplies to satisfy all the demands in S with a probability of at least

1− ε. Chance constraint (9) is still difficult to solve since it needs to evaluate the probability that

2|A| inequalities hold simultaneously. We then develop another model with chance constraints to

approximate model P1 as follows.

P2 : max 1− ε/|A|

s.t. (2), (5), (6), (7), (8),

Prob

{
Dj(ω) ≤

∑
i∈F

Iij , ω ∈ Ω

}
≥ 1− ε/|A|, ∀j ∈ A, (10)∑

j∈A
Iij = Ii, ∀i ∈ F , (11)

Iij ≤MXij , ∀i ∈ F , j ∈ A, (12)

Iij ≥ 0, ∀i ∈ F , j ∈ A, (13)
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where Iij denotes the amount of relief supplies kept for affected area j in relief facility i for all i ∈ F

and j ∈ A. Note that Iij is fixed before the realization of Dj(ω) in model P2. Constraint (10) is

a chance constraint which ensures that under each demand scenario ω ∈ Ω, the demand at each

affected area can be satisfied with a probability of at least 1 − ε/|A|. Constraint (11) guarantees

that the total amount of relief supplies stored in each open relief facility for its linked affected areas

is equal to its available inventory. Constraint (12) requires that each open relief facility only stores

relief supplies for the affected areas assigned to it. Constraint (13) is the standard non-negative

restriction.

It is easy to see that any feasible solution to model P2 is also feasible to model P1. We next

propose several approaches to solve model P2 based on two different available demand information

settings: (1) the demand distribution in each affected area is known and (2) some partial information

about the demand in each affected area is known.

4.1 Demand-distribution-based approach

If the distribution of Dj(ω) is known, we can obtain δj such that Prob (Dj(ω) ≥ δj) ≤ ε/|A|

and the chance constraint (10) of model P2 can be written as∑
i∈F

Iij ≥ δj .

• Uniform-distribution-based approach. Suppose that demand realization Dj(ω) follows

uniform distribution, i.e., Dj(ω) ∼ U(aj , bj), where aj and bj correspond to the lower and

upper bounds of the uncertain demand Dj(ω) for each j ∈ A, respectively.

Proposition 2. The chance constraint (10) of model P2 is equivalent to∑
i∈F

Iij ≥ aj + (bj − aj)(1− ε/|A|), (14)

for all j ∈ A.

Note that (14) is a linear constraint. Replacing (10) with (14) in model P2 yields an equivalent

formulation of model P2, which is a linear binary program. The service level of the relief

network is at least 1− ε+/|A|, where ε+ is defined as max{0, ε}.

• Normal-distribution-based approach. Suppose that demand realization Dj(ω) follows

Normal distribution, i.e., Dj(ω) ∼ N(µj , σj), in which µj and σj denote the mean and the

standard deviation of the uncertain demand Dj(ω) for each j ∈ A, respectively.
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Proposition 3. The chance constraint (10) of model P2 is equivalent to∑
i∈F

Iij ≥ µj + zασj , (15)

for all j ∈ A., where zα corresponds to the service level of 1 − α = 1 − ε/|A| , i.e., Φ(zα) =

1− ε/|A| in which Φ(·) is the distribution function of the standard Normal distribution. Note

that the value of zα can be obtained in the standard Normal distribution table in DeGroot

(1975).

Observe that (15) is a linear constraint of zα and zα is a strictly decreasing function of ε.

Therefore, model P2 is equivalent to

max zα

s.t. (2), (5), (6), (7), (8), (11), (12), (13), (15),

which is also a linear binary program. The service level of the relief network is at least

1− |A|(1− Φ(zα)).

Note that the approach of solving model P2 based on demand distribution is not limited to the

uniform and Normal distributions. It is also applicable to other probability distributions. In this

paper, we consider these two types of demand distributions for illustration.

4.2 Hoeffding approximation

• Suppose that we know E[Dj(ω)] = µj and Prob(Dj(ω) ∈ [aj , bj ]) = 1.

Theorem 1 (Hoeffding’s inequality). Let X1, X2, ..., Xn be independent random variables

bounded by the interval [0, 1]. Let

X =
1

n
(X1 +X2 + · · ·+Xn).

Then

Prob(X − E[X] ≥ t) ≤ e−2nt2

for any t ≥ 0.

Proposition 4. The chance constraint (10) of model P2 is satisfied if∑
i∈F

Iij ≥ µj + (bj − aj)
√
− ln(ε/|A|)

2
(16)

for all j ∈ A.
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Similar to the case with Normal-distributed demand, as
√
− ln(ε/|A|)/2 is a strictly decreasing

function of ε, we can introduce a new variable z to represent this term. Applying Proposition

4, we obtain the following conservative approximation of model P2:

max z

s.t. (2), (5), (6), (7), (8), (11), (12), (13),∑
i∈F

Iij ≥ µj + (bj − aj)z, ∀j ∈ A.

Note that this approximation remains a linear binary program. The service level of the relief

network is at least 1− |A|e−2z2 .

4.3 One-sided Chebyshev approximation

• Suppose that we know E[Dj(ω)] = µj and Var(Dj(ω)) = σ2
j .

Theorem 2 (One-sided Chebyshev inequality). Let a > 0 and X be a real-numbered random

variable. Then

Prob
(
X − E[X] ≥ a

)
≤ V ar(X)

V ar(X) + a2

for any a ≥ 0.

Proposition 5. The chance constraint (10) of model P2 is satisfied if

∑
i∈F

Iij ≥ µj +

√
σ2
j

(
1

ε/|A|
− 1

)
(17)

for all j ∈ A.

Same as the Hoeffding approximation, Proposition 5 shows that model P2 can be approxi-

mated conservatively by the following linear binary program:

max z

s.t. (2), (5), (6), (7), (8), (11), (12), (13),∑
i∈F

Iij ≥ µj + σjz,∀j ∈ A,

where z represents the term
√
|A|/ε− 1. The service level of the relief network is at least

1− |A|/(1 + z2).
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4.4 Evaluation of the effectiveness of the proposed approaches

We use two performance measures, i.e., fill rate and chance, to evaluate the effectiveness of the

approaches outlined in Sections 4.1-4.3. The fill rate is defined as the percentage of the demand

that is fulfilled by the pre-positioned relief supplies. The chance represents the probability that the

realized demand is satisfied by the pre-positioned relief supplies.

Suppose that the humanitarian relief network and the inventory level of each open relief facility

obtained by solving model P2 are G∗ = {A ∪ F∗,Θ∗} and I∗i , ∀i ∈ F∗, respectively. Through

solving the following maximum flow problem, we can compute the fill rate and the chance for the

humanitarian relief network G∗ under realized demand Dj(ω) for all j ∈ A:

Z(G∗, I∗i , ω) = max
∑
i∈F∗

∑
j∈A

θij(ω)

s.t. θij(ω) ≤MXij ,∀i ∈ F∗, j ∈ A,∑
j∈A

θij(ω) ≤ Ii, ∀i ∈ F∗,∑
i∈F∗

θij(ω) ≤ Dj(ω), j ∈ A,

θij(ω) ≥ 0, ∀i ∈ F∗, j ∈ A.

The fill rate and the chance can be calculated, respectively, as follows:

Fill rate := Eω

Z(G∗, I∗i , ω)

/∑
j∈A

Dj(ω)


and

Chance := Prob

Z(G∗, I∗i , ω) =
∑
j∈A

Dj(ω)

 .

5 Case study

In this section, the 2014 Typhoon Rammasun is considered as the case to illustrate the applica-

tion of the proposed model. The destructive typhoon affected 11.07 million people in Guangdong

Province, Hainan Province, Yunnan Province, and Guangxi Zhuang Autonomous Region, which

are illustrated in Figure 1.3 The direct economic losses reached 38.48 billion CNY in PR China.3

Using inputs generated from this case, we study the performances of the Uniform- and Normal-

distribution-based approaches as well as the Hoeffding and one-sided Chebyshev approximations.
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We further conduct experiments of deterministic humanitarian relief network design models and

compare their performances with those of the chance-constrained stochastic programming models.

We close this section by conducting sensitivity analysis on the effective rescue radius to show its

impact on the optimization results. All the mathematical programming models are implemented in

C++ and solved by the CPLEX 12.6 solver. All numerical experiments in our study are conducted

on a Dell desktop with 3.40GHz Intel i7 CPU and 16G memory running the Windows 7 Professional

64bit operating system.

Figure 1: Affected areas in three provinces and one autonomous region

5.1 Computational results

In this part, we would like to investigate the performance of the humanitarian relief network

design model with the four proposed approaches using the case study of the 2014 Typhoon Ramma-

sun. We consider 42 affected areas and 26 potential locations of relief facilities, which are illustrated

in Figure 2 (see also Appendices B.1 and B.2 of the online supplemental file). To determine the

forecasted demand for each affected area, we first estimate the most likely demand DM
j for each

affected area j using the procedure presented in Appendix B.4 of the online supplemental file. The

values of DM
j are displayed in Table 9 of Appendix B in the online supplemental file. Let U(a, b)
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denote a uniform distribution in [a, b]. Let N(µ, σ, a, b) represent a truncated Normal distribution

where µ and σ are the mean and the standard deviation of the “parent” Normal distribution, re-

spectively, and the truncated interval is [a, b]. Let T (a, b, c) be a triangular distribution in which a,

b, and c correspond to the lower bound, the most likely value, and the upper bound, respectively.

The forecasted demand for each affected area j ∈ A is then generated using the following approach:

• Uniform-distribution-based approach: Let aj and bj be the minimum and maximum of 100

independent samples drawn from N(µj , σj , 0,+∞), where µj ∼ U(0.9DM
j , 1.1D

M
j ) and σj ∼

U(10, 30) for each j ∈ A. The random demand Dj(ω) of affected area j ∈ A follows an

independent uniform distribution in [aj , bj ], i.e., Dj(ω) ∼ U(aj , bj).

• Normal-distribution-based approach: The random demand Dj(ω) of affected area j ∈ A

follows an independent Normal distribution with mean µj and standard deviation σj , i.e.,

Dj(ω) ∼ N(µj , σj), where µj and σj are generated by µj ∼ U(0.9DM
j , 1.1D

M
j ) and σj ∼

U(10, 30), respectively, for each j ∈ A.

• Hoeffding approximation: The mean µj of random demand Dj(ω) is generated by µj ∼

U(0.9DM
j , 1.1D

M
j ) for affected area j ∈ A. Let aj and bj are the minimum and maximum of

100 independent samples drawn from N(µj , σj , 0,+∞), where σj ∼ U(10, 30) for each j ∈ A.

The range of Dj(ω) is set to [aj , bj ].

• One-sided Chebyshev approximation: The mean µj and the standard deviation σj of random

demand Dj(ω) are generated by µj ∼ U(0.9DM
j , 1.1D

M
j ) and σj ∼ U(10, 30), respectively, for

each j ∈ A.

For each potential location for relief facility, we generate the cost parameters in our case study,

i.e., per unit inventory pre-positioning cost hi, fixed location and operation cost of each relief facility

fi for all i ∈ F , and assignment cost cij for all i ∈ F and j ∈ A, using the procedure presented in

Appendix B.5 of the online supplemental file. The capacity for each potential facility Qj is obtained

using the procedure in Appendix B.6 of the online supplemental file. To generate the cost budget

for preparedness, we first determine a base budget BB for each of the four approaches by solving
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(a) Affected areas and relief facility candidates in

Guangdong Province

(b) Affected areas and relief facility candidates in

Hainan Province

(c) Affected areas and relief facility candidates in Yun-

nan Province

(d) Affected areas and relief facility candidates in

Guangxi Zhuang Autonomous Region

Figure 2: Affected areas and relief facility candidates in the case study

the following optimization problem:

BB = min
∑
i∈F

fiYi +
∑
i∈F

hiIi +
∑
i∈F

∑
j∈A

cijXij

s.t. (5), (6), (7), (8), (11), (12), (13),∑
i∈F

Iij ≥ DL
j , ∀j ∈ A,

where DL
j denotes a pre-set demand of relief supply in affected area j. By choosing DL

j properly, we

can get a base budget BB under which the responsiveness maximization problem is guaranteed to be

feasible. Here DL
j is set to aj (µj − 3σj , µj , µj , resp.) for the Uniform-distribution-based approach

(the Normal-distribution-based approach, the Hoeffding approximation, the one-sided Chebyshev
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approximation, resp.). It is straightforward that the resulting base budgetBB ensures the feasibility

of the corresponding responsiveness maximization problem for each of the four approaches. After

determining the base budget BB for each of the four approaches, we can vary the total budget

for preparedness by multiplying an adjustment coefficient θ (θ ≥ 1) to BB, i.e., set B := θ × BB,

to study the impact of budget on the responsiveness of humanitarian relief network. In our case

study, we let θ take values in the set {1.00, 1.04, 1.08, 1.12, 1.16}.

We generate 100 random instances for each value of θ. For each of instance, the four approaches

outlined in Section 4 to solve model P2 are evaluated using the following procedure.

Step 1. Based on the four approaches developed in Section 4, we solve all the corresponding lin-

ear binary reformulation/approximation of model P2 and obtain the humanitarian relief

network solution for each of the models. Note that the obtained responsiveness of the

humanitarian relief network is denoted by R.

Step 2. We generate 10,000 realizations of Dj(ω) as follows.

• Uniform-distribution-based approach: We set DL
j and DU

j to be the minimum and

maximum of 200 independent samples drawn from N(µj , σj , 0,+∞), where µj ∼

U(0.9DM
j , 1.1D

M
j ) and σj ∼ U(10, 30) for each j ∈ A. Note that the value of DM

j for

each j ∈ A is listed in Table 9 of Appendix B in the online supplemental file. Each

realization of Dj(ω) is then generated by Dj(ω) ∼ U(DL
j , D

U
j ) for each j ∈ A.

• Normal-distribution-based approach: GivenDM
j for each j ∈ A in Table 9 of Appendix

B, let µ̄j be the average of 200 independent samples drawn from N(µj , σj , 0,+∞),

where µj ∼ U(0.9DM
j , 1.1D

M
j ) and σj ∼ U(10, 30) for each j ∈ A. Each realization

of Dj(ω) is generated by Dj(ω) ∼ N(µ̄j , σ̄j , 0,+∞), where σ̄j ∼ U(10, 30) for each

j ∈ A.

• Hoeffding and one-sided Chebyshev approximations: Similar to the Uniform-distribution-

based approach, we let DL
j and DU

j be the minimum and maximum of 200 inde-

pendent samples drawn from N(µj , σj , 0,+∞), where µj ∼ U(0.9DM
j , 1.1D

M
j ) and

σj ∼ U(10, 30) for each j ∈ A. Each realization of Dj(ω) is generated by Dj(ω) ∼

T (DL
j , D

A
j , D

U
j ), where DA

j ∼ U(0.9DM
j , 1.1D

M
j ) for each j ∈ A.

For each of the humanitarian relief network solutions obtained in Step 1 and each of the

realization of Dj(ω), ∀j ∈ A, we solve the corresponding maximum flow problem defined in
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Section 4.4, and calculate the fill rate and the chance according to this demand realization.

Step 3. For each of the models built up in Step 1, we compute the average of the fill rate and the

chance for each instance based on the 10,000 realizations obtained in Step 2.

For all instances, the humanitarian relief network design model can be solved based on the four

approaches within reasonable amount of CPU times. Table 2 presents the computational results of

the humanitarian relief network design model solved using the four approaches. In Table 2, the first

column titled “θ” represents the adjustment coefficient of the budget for preparedness. The second

column labelled “Approach” indicates the approach used to obtain the values in the corresponding

row. The Uniform-distribution-based, Normal-distribution-based, Hoeffding approximation, and

one-sided Chebyshev approximation approaches are abbreviated as the “Unif.”, “Norm.”, “Hoef.”,

and “Cheb.”, respectively. The columns of “Fac. open”, “Arc”, and “#F” report the average

number of relief facilities open, the average number of selected links, and the average number of

affected areas that are multi-sourced (i.e., the demand for relief supplies in an affected area is

satisfied by more than one relief facility), respectively. The column titled “R” presents the average

guaranteed responsiveness implied by the optimal values of the humanitarian relief network design

model. The average fill rate and the average chance of the 100 instances are reported in the columns

titled “FR” and “Chance”, respectively.

Table 2 demonstrates the effectiveness of our proposed chance-constrained models for humani-

tarian relief network design. Firstly, as we can see from Table 2, when we take the value of θ to be

1.00 (i.e., we use the base budget B as the budget for preparedness), the resulting humanitarian re-

lief networks yielded by all the four approaches have poor effectiveness performances. Specifically,

the average responsiveness of all four approaches is equal to 0, and their corresponding average

chance is also close to or equal to 0. These results are reasonable and align with our intuition due

to the particular way of generating the base budget BB.

Secondly, the effectiveness performances of humanitarian relief networks would increase with

the budget for preparedness under all cases. For example, when the adjustment coefficient θ

increases from 1.00 to 1.16, the average responsiveness of all the proposed approaches increases

from 0.00 to 1.00. In the meantime, the average chance of the Uniform-distribution-based approach

(the Normal-distribution-based approach, the Hoeffding approximation, the one-sided Chebyshev

approximation, resp.) increases from 0.00% (0.00%, 1.94%, 1.68%, resp.) to 94.07% (95.23%,

95.16%, 98.00%, resp.), while the corresponding average fill rate also increases from 97.42% (96.99%,
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Table 2: Computational results of chance-constrained humanitarian relief network design models

θ Approach R
Fac.

Arc #F
FR Chance

open (%) (%)

1.00 Unif. 0.00 10.46 47.90 5.61 97.42 0.00

Norm. 0.00 10.20 43.62 5.02 96.99 0.00

Hoef. 0.00 11.00 47.86 5.32 98.76 1.94

Cheb. 0.00 10.98 47.20 4.86 98.63 1.68

1.04 Unif. 0.76 11.09 48.27 5.59 99.41 18.99

Norm. 0.78 10.99 48.47 5.74 99.23 19.24

Hoef. 0.71 11.40 49.00 6.34 99.65 51.64

Cheb. 1.00 11.36 48.64 5.98 99.70 53.18

1.08 Unif. 1.00 11.92 48.65 5.93 99.81 63.00

Norm. 1.00 11.65 48.99 6.28 99.84 60.91

Hoef. 0.99 12.06 48.80 5.84 99.89 73.28

Cheb. 1.00 12.12 48.80 6.14 99.85 77.00

1.12 Unif. 1.00 12.95 49.13 6.49 99.96 88.13

Norm. 1.00 12.18 48.99 6.38 99.94 84.36

Hoef. 1.00 13.40 49.24 6.38 99.94 84.08

Cheb. 1.00 13.36 49.28 6.42 99.99 95.72

1.16 Unif. 1.00 13.91 49.58 6.86 99.98 94.07

Norm. 1.00 13.57 49.25 6.55 99.99 95.23

Hoef. 1.00 13.94 49.60 6.96 99.98 95.16

Cheb. 1.00 13.84 49.82 7.10 99.99 98.00
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98.76%, 98.63%, resp.) to 99.98% (99.99%, 99.98%, 99.99%, resp.).

Thirdly, from Table 2, we can also conclude that the humanitarian relief networks yielded by

all four approaches tend to be denser when the preparedness budget increases. Take the Uniform-

distribution-based approach as an example. The average number of relief facilities open, the average

number of selected links, and the average number of multi-sourced affected areas increase from

10.46, 47.90, and 5.61 to 13.91, 49.58, and 6.68, respectively, when θ increases from 1.00 to 1.16.

Intuitively, a denser humanitarian relief network performs better against uncertain disasters than

a sparse one, which explains the second observation discussed above.

5.2 Comparison between the chance-constrained stochastic program-

ming model and the deterministic model

This part is dedicated to justify the effectiveness of the proposed chance-constrained stochastic

programming models with respect to the deterministic models based on demand expectation, i.e.,

E[Dj(ωj)] = µj for all j ∈ A. As it is impossible to capture the probability of fulfilling demand

in a deterministic setting, the deterministic models target to minimize the shortage under a given

budget. In particular, the deterministic model is formulated as follows:

min
∑
j∈A

sj

s.t. (2), (5), (6), (7), (8),∑
j∈A

θij ≤ Ii, ∀i ∈ F ,

∑
i∈F

θij + sj ≥ µj , j ∈ A,

0 ≤ θij ≤MXij ,∀i ∈ F , ∀j ∈ A,

sj ≥ 0, ∀j ∈ A.

In the comparison experiments, we set θ to be 1.16 and compare the corresponding performances

of the deterministic models with those of the four chance-constrained stochastic programming

models, respectively. The detailed computational results are reported in Table 3. The rows titled

“Dete.” display the results of the deterministic models.

As shown in Table 3, it is noteworthy that the deterministic models have very poor performances

of chance (equal to 0.00%) under all cases, while the average chance for the chance-constrained

stochastic programming models is at least 94.07%. In addition, the chance-constrained models also
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achieve a higher average fill rate (at least 99.98%) than the corresponding deterministic models.

These computational results indicate that the chance-constrained stochastic programming models

are much more effective than the deterministic model for humanitarian relief network design.

Table 3: Comparison between the chance-constrained stochastic humanitarian relief network design

model and the deterministic humanitarian relief network design model (θ = 1.16)

Approach
Fac.

Arc #F
FR Chance

open (%) (%)

Unif. 13.91 49.58 6.86 99.98 94.07

Dete. 15.66 45.84 3.52 98.17 0.00

Norm. 13.57 49.25 6.55 99.99 95.23

Dete. 15.78 45.51 3.27 98.17 0.00

Hoef. 13.94 49.60 6.96 99.98 95.16

Dete. 15.50 45.22 2.88 97.87 0.00

Cheb. 13.84 49.82 7.10 99.99 98.00

Dete. 15.50 45.22 2.88 97.87 0.00

5.3 Sensitivity analysis

In Section 5.1, we temporarily assume the truck speed to be 50km per hour and 2 hours lead time

for the preparation of relief supplies (see also Appendix B.5 in the online supplemental file). Because

both the truck speed and the preparation lead time for relief supplies determine the effective rescue

radius of relief facilities, we further implement sensitivity analysis on the effective rescue radius to

study its impact on the optimization results in the case study of Typhoon Rammasun. Specifically,

we let the effective rescue radius (unit:km) varies within the set {450, 500, 550, 600}. In addition,

we set θ to be 1.08 in the sensitivity analysis experiments. Computational results of the sensitivity

analysis are reported in Table 4. Note that the second column titled “ERR” indicates the effective

rescue radius.

As shown in Table 4, when the effective rescue radius decreases from 600km to 450km, all

four approaches show a tendency of opening more facilities and having less affected areas multi-

sourced and less number of selected links. Specifically, the average number of open facilities of
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Table 4: Computational results of sensitivity analysis on effective rescue radius (θ = 1.08)

Approach ERR (km) R
Fac.

Arc #F
FR Chance

open (%) (%)

Unif. 450 1.00 14.31 47.63 5.21 99.72 40.24

500 1.00 11.92 48.65 5.93 99.81 63.00

550 1.00 11.88 50.06 7.17 99.86 72.91

600 1.00 12.22 50.88 7.50 99.95 83.41

Norm. 450 1.00 13.88 47.18 4.89 99.63 33.99

500 1.00 11.65 48.99 6.28 99.84 60.91

550 1.00 11.72 49.53 6.71 99.88 71.73

600 1.00 11.93 51.24 8.17 99.89 78.58

Hoef. 450 0.99 14.48 48.10 5.60 99.75 50.24

500 0.99 12.06 48.80 5.84 99.83 73.28

550 0.99 12.08 49.26 6.54 99.85 74.22

600 0.99 12.20 49.06 6.30 99.86 76.89

Cheb. 450 1.00 14.64 48.18 5.78 99.76 49.54

500 1.00 12.12 48.80 6.14 99.85 77.00

550 1.00 12.00 48.32 5.64 99.90 79.31

600 1.00 12.32 50.22 7.20 99.94 81.68
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the Uniform-distribution-based approach (the Normal-distribution-based approach, the Hoeffding

approximation, the one-sided Chebyshev approximation, resp.) decreases from 14.31 (13.88, 14.48,

14.64, resp.) to 12.22 (11.93, 12.20, 12.32, resp.) when the effective rescue radius increases from

450km to 600km. Meanwhile, the average number of selected links increases from 47.63 (47.18,

48.10, 48.18, resp.) to 50.88 (51.24, 49.06, 50.22, resp.) and the average number of affected areas

that are multi-sourced also increases from 5.21 (4.89, 5.60, 5.78, resp.) to 7.50 (8.17, 6.30, 7.20,

resp.).

Furthermore, under the same budget for preparedness, the responsiveness of the humanitarian

relief network yielded by all four approaches would improve with the increase of effective rescue ra-

dius. For example, when the effective rescue radius increases from 450km to 600km, the average fill

rate and the average chance of the Uniform-distribution-based approach (the Normal-distribution-

based approach, the Hoeffding approximation, the one-sided Chebyshev approximation, resp.) in-

crease from 99.72% (99.63%, 99.75%, 99.76%, resp.) and 40.24% (33.99%, 50.24%, 49.54%, resp.) to

99.95% (99.89%, 99.86%, 99.94%, resp.) and 83.84% (78.58%, 76.89%, 81.68%, resp.), respectively.

To summarize, given a fixed budget for preparedness, the sensitivity analysis indicates that

when the effective rescue radius is small, all four approaches tend to open more facilities and have

less affected areas multi-sourced and less number of selected links. Additionally, the responsiveness

of the humanitarian relief network yielded by all four approaches would improve with the increase

of effective rescue radius.

6 Experiment variants

In this section, further computational experiments are carried out to investigate the performance

of the chance-constrained humanitarian relief network design models based on random instances

with a larger scale. For each instance considered in this section, we generate the required inputs

using the following procedure. First, we label the 42 affected areas in the case study of the 2014

Typhoon Rammasun (see Appendix B.1 of the online supplemental file) from 0 to 41 according

to their alphabetical order, and let ξ (ξ ∈ Ξ) denote the number associated with each affected

area, i.e., ξ ∈ Ξ := {0, 1, . . . , 41}. Similarly, the 26 relief facility candidates in the case study (see

Appendix B.2 of the online supplemental file) are labeled from 0 to 25 according to their alphabetical

order, and let τ (τ ∈ T ) denote the number associated with each relief facility candidate, i.e.,

τ ∈ T := {0, 1, . . . , 25}. We use U(∆) to denote a discrete uniform distribution that takes values
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in a finite set ∆. For each instance with |F| relief facility candidates and |A| affected areas, we

generate the inputs in this computational experiment as follows.

(1) The locations of relief facility candidate i and affected area j are uniformly distributed over

the square [0, 700] × [0, 700], ∀i ∈ F and ∀j ∈ A.

(2) The forecasted demand inputs: The most likely demand of affected area j (i.e., DM
j ) is equal

to that of the affected area labelled ξ, i.e., DM
j = DM

ξ for each j ∈ A, where ξ is generated by

ξ ∼ U(Ξ) and DM
ξ is displayed in Table 9 of Appendix B in the online supplemental file. Then

the forecasted demand inputs of the four approaches are generated using the same procedure

outlined in Appendix B.4 of the online supplemental file.

(3) We use the same method introduced in Section 5.1 to generate budgets for each of approach.

In our large scale case, we set DL
j to be aj (µj − 3σj , µj , µj , resp.) to calculate base budget

BB for the Uniform-distribution-based approach (the Normal-distribution-based approach, the

Hoeffding approximation, the one-sided Chebyshev approximation, resp.). We also let θ take

values in the set {1.00, 1.04, 1.08, 1.12, 1.16}.

(4) Cost parameters:

• Fixed location and operation cost: The fixed location and operation cost of relief facility

candidate i is generated by fi ∼ U(mi, ni), where mi and ni are equivalent to those of the

relief facility candidate labelled τ , i.e., mi = mτ and ni = nτ for each i ∈ F , where τ is

generated by τ ∼ U(T ) and the values of mτ and nτ are available in Table 12 of Appendix

B in the online supplemental file.

• Unit inventory pre-positioning cost: The unit inventory pre-positioning cost hi of relief

facility candidate i is generated by hi ∼ U(2.4, 4.4) for each i ∈ F , i.e., the same as that

in Appendix B.5 of the online supplemental file.

• Assignment cost: If the Euclidean distance between relief facility candidate i and affected

area j does not exceed 600, the assignment cost cij of the arc (i, j) is set to be 0; otherwise,

the assignment cost cij is assumed to be a big number, ∀i ∈ F and ∀j ∈ A.

(5) The supply capacity of relief facility candidate i is generated by Qi ∼ U(ki, li), where ki and

li are equivalent to those of the relief facility candidate labelled τ , i.e., ki = kτ and li = lτ

for each i ∈ F , where τ is generated by τ ∼ U(T ) and the values of kτ and lτ are calculated

according to the procedure in Appendix B.6 of the online supplemental file.
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Following the procedure described in Section 5.1, we conduct the computational experiment

with |F| = 80 and |A| = 120 for the chance-constrained humanitarian relief network design models.

For each given budget and each approach, we generate 100 random instances. Table 5 reports the

computational results. All the chance-constrained models can be solved within reasonable amount

of time. The responsiveness performances of all four approaches also increase monotonically with

the budget for preparedness. The fill rate is always above 97% and the chance exceeds 70% when

θ reaches 1.12. These results further demonstrate the effectiveness of the solution approaches for

instances with a larger scale.

7 Conclusions

An effective and cost-efficient humanitarian relief network is critical for relief organizations to

implement high-performance disaster relief operations (i.e., establishing relief facilities at appro-

priate locations and pre-positioning suitable amount of relief supplies in the open relief facilities).

This paper aims at supporting relief organizations in designing a humanitarian relief network, in

which the demand for relief supplies in each affected area can be met by more than one relief

facility. We cope with the demand uncertainty in each affected area using a joint chance con-

straint, which can be used to measure the responsiveness of the humanitarian relief network. We

develop a chance-constrained stochastic programming model that determines the locations of the

relief facilities, the amount of relief supplies stocked at each open relief facility, and which set of

relief facilities serves each affected area. The proposed model maximizes the responsiveness under

a given cost budget for preparedness. We approximate the proposed model using another model

with chance constraints, which can be solved based on two settings of the demand information: (1)

The Normal- and Uniform-distribution-based approaches are developed if the demand distribution

in each affected area is given; (2) The Hoeffding (one-sided Chebyshev, resp.) approximation is

developed if the mean and the support (the mean and the variance, resp.) of the demand in each

affected area is given. We illustrate the application of the model and the solution approaches using

a case study of the 2014 Typhoon Rammasun. Computational results show that the proposed solu-

tion approaches are effective for solving the chance-constrained humanitarian relief network design

models. In addition, comparison experiments demonstrate that the chance-constrained stochastic

programming models are superior to deterministic models for humanitarian relief network design

under the same budget for preparedness. Sensitivity analysis experiments show that the respon-
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Table 5: Computational results of chance-constrained humanitarian relief network design models

(|F| = 80 and |A| = 120)

θ Approach R
Fac.

Arc #F
FR Chance

open (%) (%)

1.00 Unif. 0.00 28.48 141.36 23.92 97.18 0.00

Norm. 0.00 28.12 130.40 21.12 97.00 0.00

Hoef. 0.00 29.12 148.74 22.84 98.89 1.92

Cheb. 0.01 29.14 149.80 24.06 98.85 2.70

1.04 Unif. 0.73 30.54 162.30 26.98 99.62 23.50

Norm. 0.78 29.24 149.76 23.38 99.80 27.86

Hoef. 0.62 34.18 224.00 34.46 99.74 24.42

Cheb. 1.00 33.22 267.90 33.26 99.75 26.76

1.08 Unif. 1.00 30.74 151.34 24.42 99.97 72.54

Norm. 1.00 33.58 191.90 36.26 99.99 80.60

Hoef. 0.99 31.36 160.74 26.80 99.89 54.00

Cheb. 1.00 32.38 163.84 27.72 99.93 61.16

1.12 Unif. 1.00 31.88 153.76 27.00 99.99 89.32

Norm. 1.00 32.74 167.26 29.64 100.00 93.60

Hoef. 1.00 33.52 168.74 30.08 99.96 74.64

Cheb. 1.00 34.48 178.84 33.26 99.95 73.30

1.16 Unif. 1.00 33.06 154.92 27.60 99.99 92.44

Norm. 1.00 32.96 160.82 29.48 100.00 98.14

Hoef. 1.00 34.58 167.82 28.46 99.97 84.96

Cheb. 1.00 33.66 158.76 29.42 99.99 89.82
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siveness obtained by chance-constrained stochastic programming models would improve with the

increase of the effective rescue radius.

This paper studies a humanitarian relief network design problem in the presence of demand

uncertainties. Our proposed model, however, does not consider the possible facility failure caused

by devastating disasters as well as fairness issues, both of which are important components in hu-

manitarian relief network design. Considering these two concerns will result in a more sophisticated

model. Its solution approach will be an interesting topic for future research.

Acknowledgements

We would like to thank the DE, the AE, and the referees for their constructive comments

that led to this improved version. This research was supported by the National Natural Science

Foundation of China (Grants 72091213, 71922901, and 71831004) and Hong Kong Research Grants

Council General Research Fund (Grant PolyU 15240816E).

References

[1] Aberdeen Group. 2007. The challenge of multi-site warehouse and order management. Execu-

tive report. Aberdeen Group, www.Aberdeen.com.

[2] Altay N. and Green W.G. 2006. OR/MS research in disaster operations management. European

Journal of Operational Research, 175(1), 475–493.

[3] Anaya-Arenas A.M., Renaud J., and Ruiz A. 2014. Relief distribution networks: a systematic

review. Annals of Operations Research, 223(1), 53–79.

[4] Balcık B. and Beamon B.M. 2008. Facility location in humanitarian relief. International Jour-

nal of Logistics: Research and Applications, 11(2), 101–121.

[5] Bastian N.D., Griffin P.M., Spero E., and Fulton L.V. 2016. Multi-criteria logistics modeling

for military humanitarian assistance and disaster relief aerial delivery operations. Optimization

Letters, 10(5), 921-953.

[6] Ben-Tal A., Do Chung B., Mandala S.R., and Yao T. 2011. Robust optimization for emer-

gency logistics planning: Risk mitigation in humanitarian relief supply chains. Transportation

Research Part B-Methodological, 45(8), 1177-1189.

27



[7] Birge J.R. and Louveaux F. 2011. Introduction to stochastic programming. Springer Series in

Operations Research and Financial Engineering, 2nd edn. Springer, London.

[8] Bozorgi-Amiri A., Jabalameli M.S., and Al-e-Hashem S.M.J.M. 2013. A multi-objective robust

stochastic programming model for disaster relief logistics under uncertainty. OR Spectrum,

35(4), 905–933.

[9] Dentcheva D. 2006. In: Calafiore G. and Dabbene F. (Eds.), Probabilistic and randomized

methods for design under uncertainty. Springer-Verlag, London.

[10] DeGroot M.H. 1975. Probability and statistics. Addison-Wesley, Massachusetts.
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[28] Prékopa A. 2003. Handbooks in Operations Research and Management Science. Elsevier, Am-

sterdam.

[29] Rawls C.G. and Turnquist M.A. 2010. Pre-positioning of emergency supplies for disaster re-

sponse. Transportation Research Part B: Methodological, 44(4), 521–534.

[30] Rawls C.G. and Turnquist M.A. 2011. Pre-positioning planning for emergency response with

service quality constraints. OR Spectrum, 33(3), 481–498.

29



[31] Salmerón J. and Apte A. 2010. Stochastic optimization for natural disaster asset prepositioning.

Production and Operations Management, 19(5), 561–574.
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A Proofs

Proof of Proposition 1. Given a feasible humanitarian relief network corresponding to (X0
ij , Y

0
i ),

for any ω ∈ Ω, we could construct a linear programming (LP) model

LP1 : max 0

s.t.
∑
j∈A

θij(ω) ≤ Ii, ∀i ∈ F ,∑
i∈F

θij(ω) ≥ Dj(ω), ∀j ∈ A,

θij(ω) ≥ 0, ∀(i, j) ∈ Θ.

Obviously model LP1 is equivalent to the following LP

LP2 : max −
∑
i∈F

pi −
∑
j∈A

qj

s.t.
∑
j∈A

θij(ω)− pi ≤ Ii, ∀i ∈ F ,∑
i∈F

θij(ω) + qj ≥ Dj(ω), ∀j ∈ A,

θij(ω) ≥ 0, ∀(i, j) ∈ Θ,

pi, qj ≥ 0, ∀i ∈ F , j ∈ A,

because we could regard pi and qj as artificial variables, and their values will be zero if model LP1

is feasible.

The dual problem of model LP2 is

DP2 : min
∑
i∈F

Iiγi −
∑
j∈A

Dj(ω)ϕj

s.t. γi − ϕj ≥ 0, if (i, j) ∈ Θ,

0 ≤ γi, ϕj ≤ 1, ∀i ∈ F , j ∈ A.

It is easy to see that model DP2 must have an integer solution because the constraints are network

flow conservation constraints and the right-hand side of the constraints are integers.

For any subset S ⊆ A, we can get a corresponding feasible solution to model DP2 as the

following:

ϕj =

 1, if j ∈ S;

0, otherwise;
and γi =

 1, if i ∈ Γ(S);

0, otherwise.
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If model LP1 has feasible solutions and thus the optimal solution, model DP2 also has an optimal

solution that is equal to zero. Therefore, for any subset S, the corresponding solution’s objective

satisfies ∑
i∈Γ(S)

Ii −
∑
j∈S

Dj(ω) ≥ 0.

Hence, for any ω ∈ Ω, 
∑

j∈A θij(ω) ≤ Ii, ∀i ∈ F∑
i∈F θij(ω) ≥ Dj(ω), ∀j ∈ A

θij(ω) ≥ 0

is equivalent to ∑
i∈Γ(S)

Ii ≥
∑
j∈S

Dj(ω), ∀S ⊆ A.

Proof of Proposition 2. We use Fj(·) to denote the distribution function of the random variable

Dj(ω). Since the demand realization Dj(ω) follows uniform distribution, i.e., Dj(ω) ∼ U(aj , bj),

then we have

F−1
j (1− ε/|A|) = aj + (bj − aj)(1− ε/|A|).

The chance constraint (10) suggests that

Prob

{
Dj(ω) ≤

∑
i∈F

Iij

}
= Fj

(∑
i∈F

Iij

)
≥ 1− ε/|A|.

As Fj(·) is monotonically increasing, we have

∑
i∈F

Iij ≥ aj + (bj − aj)(1− ε/|A|).

Proof of Proposition 3. Since the demand realizationDj(ω) follows Normal distribution, i.e., Dj(ω) ∼

N(µj , σj), then the chance constraint (10) suggests that

Prob

{
Dj(ω) ≤

∑
i∈F

Iij

}
= Prob

{
Dj(ω)− µj

σj
≤
∑

i∈F Iij − µj
σj

}
= Φ

(∑
i∈F Iij − µj

σj

)
≥ 1− ε/|A|.

Note that Φ(zα) = 1− ε/|A|. Then, we have∑
i∈F Iij − µj

σj
≥ zα,
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and hence ∑
i∈F

Iij ≥ µj + zασj .

Proof of Proposition 4. Under the condition in (16), we have∑
i∈F Iij − µj
bj − aj

≥
√
− ln(ε/|A|)

2
≥ 0.

Note that

Prob

{
Dj(ω) ≥

∑
i∈F

Iij

}
= Prob

{
Dj(ω)− aj
bj − aj

− µj − aj
bj − aj

≥
∑

i∈F Iij − aj
bj − aj

− µj − aj
bj − aj

}
= Prob

{
Dj(ω)− aj
bj − aj

− µj − aj
bj − aj

≥
∑

i∈F Iij − µj
bj − aj

}
.

As
Dj(ω)−aj
bj−aj is a random variable in [0, 1] with expectation

µj−aj
bj−aj , Hoeffding’s inequality yields

Prob

{
Dj(ω) ≥

∑
i∈F

Iij

}
≤ exp

(
−2

(∑
i∈F Iij − µj
bj − aj

)2
)
≤ exp

−2

(√
− ln(ε/|A|)

2

)2


= ε/|A|,

which is equivalent to the constraint (10).

Proof of Proposition 5. Under the condition in (17), we have

∑
i∈F

Iij − µj ≥

√
σ2
j

(
1

ε/|A|
− 1

)
≥ 0.

Note that

Prob

{
Dj(ω) ≥

∑
i∈F

Iij

}
= Prob

{
Dj(ω)− µj ≥

∑
i∈F

Iij − µj

}
.

As Dj(ω) is a random variable with expectation µj , the one-sided Chebyshev inequality yields

Prob

{
Dj(ω) ≥

∑
i∈F

Iij

}
≤

σ2
j

σ2
j +

(∑
i∈F Iij − µj

)2 ≤ σ2
j

σ2
j + σ2

j

(
1

ε/|A| − 1
)

= ε/|A|,

which is equivalent to the constraint (10).
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B Input generation

This part provides the details on how we generate the sets of affected areas and potential

locations as well as the parameters for demand, cost, and capacity in the case study.

B.1 Set of affected areas

As introduced in Section 5, the destructive Typhoon Rammasun caused large-scale social and

economic losses across Guangdong Province, Hainan Province, Yunnan Province, and Guangxi

Zhuang Autonomous Region. The specific affected areas in the three provinces and one autonomous

region are shown as follows.

• Guangdong Province: The affected cities in Guandong Province are Maoming, Yangjiang,

Yunfu, and Zhanjiang, which are shown in Figure 2(a) in Section 5.1.4 Let A1 denote the set

of affected areas in Guangdong Province.

• Hainan Province: The affected areas in Hainan Province include two cities, i.e., Haikou

and Sanya, and 16 counties directly under the jurisdiction of the province.3 According to

the Hainan Statistical Yearbook 2014, the 16 counties are Baisha, Baoting, Changjiang,

Chengmai, Danzhou, Dingan, Dongfang, Ledong, Lingao, Lingshui, Qionghai, Qiongzhong,

Tunchang, Wanning, Wenchang, and Wuzhishan.5 The 18 affected areas in Hainan Province

are specifically illustrated in Figure 2(b) in Section 5.1. Let A2 denote the set of affected

areas in Hainan Province.

• Yunnan Province: The 9 affected cities in Yunnan Province are Banna, Baoshan, Dehong,

Honghe, Lincang, Puer, Qujing, Wenshan, and Yuxi, which are presented in Figure 2(c) in

Section 5.1.6 We use A3 to represent the set of affected areas in Yunnan Province.

• Guangxi Zhuang Autonomous Region: There are 11 cities affected by the Typhoon Rammasun

in Guangxi Zhuang Autonomous Region, namely, Baise, Beihai, Chongzuo, Fangchenggang,

Guigang, Hechi, Laibin, Nanning, Qinzhou, Wuzhou, and Yulin.7 All of them are shown in

Figure 2(d) in Section 5.1. The set of affected areas in Guangxi Zhuang Autonomous Region

is denoted by A4.

Note that the set of affected area A is composed of four sets, i.e., A = A1∪A2∪A3∪A4. Based

on the above description, the set A contains 42 affected areas.
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B.2 Set of potential locations of relief facilities

The Ministry of Civil Affairs of PR China has set up national-level relief facilities in Yunnan

Province8 and Guangxi Zhuang Autonomous Region.9 In addition, province (autonomous region)-

level relief facilities have also been established in Guangdong Province,10 Hainan Province,11 Yun-

nan Province,12 and Guangxi Zhuang Autonomous Region.13 The potential locations of relief

facilities in this case study can be determined by referring to the locations of the national-level

and province (autonomous region)-level relief facilities in the three provinces and one autonomous

region, which are shown in detail as follows.

• Guangdong Province: The Department of Civil Affairs of Guangdong Province set up province-

level relief facilities in Guangzhou, eastern Guangdong, northern Guangdong, western Guang-

dong, and the Pearl River Delta.10 The province-level relief facility in the eastern (north-

ern, western, Pearl River Delta, resp.) part of Guangdong Province is situated in Meizhou

(Qingyuan, Maoming, Huizhou, resp.).14 The 5 potential locations of relief facilities in Guang-

dong Province are shown in Figure 2(a) in Section 5.1.

• Hainan Province: The province-level relief facilities in Hainan Province are built up in

Danzhou, Haikou, Qionghai, Sanya, Wanning, and Wenchang, respectively.11 The 6 po-

tential locations of relief facilities in Hainan Province are displayed in Figure 2(b) in Section

5.1.

• Yunnan Province: One national-level relief facility is located in Kunming, Yunnan Province.8

The Department of Civil Affairs of Yunnan Province has established province-level relief

facilities in Baoshan, Chuxiong, Dali, Honghe, Puer, Qujing, Wenshan, and Zhaotong.12 The

9 cities are regarded as the potential locations of relief facilities in Yunnan Province, which

are presented in Figure 2(c) in Section 5.1.

• Guangxi Zhuang Autonomous Region: There is one national-level relief facility in Nanning,

Guangxi Zhuang Autonomous Region.9 Five autonomous region-level relief facilities are built

up in the central, northern, northwestern, southeastern, and western part of Guangxi Zhuang

Autonomous Region.13 The central Guangxi consists of Laibin15 and Liuzhou.16 The north-

ern Guangxi includes Guilin17 and Hezhou,18 and the northwestern Guangxi invloves Hechi.19

The southeastern Guangxi is composed of Guigang20 and Yulin,21 and the western Guangxi
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refers to Baise.22 According to the Guangxi Statistical Yearbook 2014, we obtain the in-

formation about the resident population and administrative region land area of each city

in the central, northern, northwestern, southeastern, and western part of Guangxi Zhuang

Autonomous Region, which are given in Table 6.23 Then we can calculate the population

density (number of people per square kilometer) of each city in the central, northern, north-

western, southeastern, and western part of Guangxi Zhuang Autonomous Region, which is

also provided in Table 6. According to Balcık and Beamon (2008), relief facilities should be

located in areas with high population density. Thus, it is reasonable to choose the location

with higher population density as the potential location of an autonomous region-level relief

facility in the central, northern, northwestern, southeastern, and western part of Guangxi

Zhuang Autonomous Region. Based on the population density information provided in Table

6, the potential location of an autonomous region-level relief facility in the central (northern,

northwestern, southeastern, western, resp.) part of Guangxi Zhuang Autonomous Region is

Liuzhou (Guilin, Hechi, Yulin, Baise, resp.). The 6 potential locations of relief facilities in

Guangxi Zhuang Autonomous Region are given in Figure 2(d) in Section 5.1.

Table 6: Resident population, administrative region land area, and population density of each

city in the central, northern, northwestern, southeastern, and western part of Guangxi Zhuang

Autonomous Region

Resident Administrative Population

Area City population region land area density

(10,000 persons) (sq km) (person/sq km)

Central Guangxi Laibin 214.9 13,411.0 160

Liuzhou 385.6 18,597.0 207

Northern Guangxi Guilin 488.1 27,809.0 176

Hezhou 200.0 11,855.0 169

Northwestern Guangxi Hechi 343.2 33,476.0 103

Southeastern Guangxi Guigang 422.1 10,602.0 398

Yulin 562.3 12,838.0 438

Western Guangxi Baise 354.5 36,202.0 98
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Note that the set F consists of the set of the national-level relief facility candidates and the

set of the province (autonomous region)-level relief facility candidates, which are denoted by F1

and F2, respectively. Based on the above information, the set F = F1 ∪ F2 contains 26 potential

locations of relief facilities, 2 (24, resp.) of which belong to the set F1 (F2, resp.).

B.3 Disaster relief commodity package

According to the Construction Standards for Relief Facilities, the disaster relief commodities

used to rescue the emergency transfer and resettlement population mainly include tents, quilts,

survival kits, folding beds, mobile toilets, life jackets, and cotton suits.24 In addition, the standard

also provides the unit volume for each kind of disaster relief commodity as listed in Table 7.24

The unit price for each type of the disaster relief commodity shown in Table 7 is obtained from

JD.com. We assume that one tent can accommodate 5 people and 10 people share one mobile

toilet. Suppose that the disaster relief commodities delivered to the affected areas can be bundled

into disaster relief commodity packages, each unit of which can satisfy the demand of 10 people.

The amount of each kind of disaster relief commodity in one disaster relief commodity package is

also displayed in Table 7. Note that the relief supply and the disaster relief commodity package

are used interchangeably in the case study.

Table 7: The unit volume, unit price, and amount for each kind of disaster relief commodity in a

disaster relief commodity package

Item Unit volume (m3) Unit price (CNY) Amount

Tent 0.312 1400.0 2

Quilt 0.030 129.0 10

Survival kit 0.008 460.0 10

Folding bed 0.044 199.0 10

Mobile toilet 0.706 1,680.0 1

Life jacket 0.015 168.0 10

Cotton suit 0.016 149.0 10

The set of disaster relief commodities is denoted by E, indexed by e ∈ E. Let Ve and Ne

denote the unit volume and the amount of disaster relief commodity e (e ∈ E) in one disaster
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relief commodity package. Based on the information provided in Table 7, we can calculate that the

volume for one disaster relief commodity package (denoted by V ) is 2.46m3, i.e., V :=
∑

e∈E Ve×Ne.

Let Pe denote the unit price of disaster relief commodity e (e ∈ E) in one disaster relief commodity

package. The shelf life of these disaster relief commodities is estimated to be 5 years by experience.

Then, we can compute that the annual depreciation cost for one disaster relief commodity package

(denoted by Cdep) is 3,106 CNY, i.e., Cdep := (
∑

e∈E Pe ×Ne)/5.

B.4 Most likely demand

According to the Construction Standards for Relief Facilities, relief supplies are mainly used

to rescue the emergency transfer and resettlement population in a disaster.24 To determine the

mostly likely demand in each affected area, we first obtain the emergency transfer and resettlement

population in each affected area. The total emergency transfer and resettlement population in

Guangdong Province (Hainan Province, Yunnan Province, Guangxi Zhuang Autonomous Region,

resp.) is 157,000 (381,200, 6,600, 317,000, resp.).3 There are 4 (18, 9, 11, resp.) affected areas in

Guangdong Province (Hainan Province, Yunnan Province, Guangxi Zhuang Autonomous Region,

resp.), which have been described in detail in Appendix B.1. We use RPj to denote the resident

population in affected area j for all j ∈ A in the year of 2014. According to the Guangdong

Statistical Yearbook 2014,25 Hainan Statistical Yearbook 2014,26 Yunnan Statistical Yearbook

2014,27 and Guangxi Statistical Yearbook 2014,23 we can obtain the resident population of each

affected area in Guangdong Province, Hainan Province, Yunnan Province, and Guangxi Zhuang

Autonomous Region, which is shown in Table 8. Let EPj denote the emergency transfer and

resettlement population in affected area j for each j ∈ A. We assume that EPj is proportional to

RPj and the proportional coefficient is 157, 000/
∑

j∈A1
RPj for each j ∈ A1, i.e., EPj := 157, 000×

RPj/
∑

j∈A1
RPj for each j ∈ A1. Similarly, we have EPj := 381, 200×RPj/

∑
j∈A2

RPj for each

j ∈ A2, EPj := 6, 600×RPj/
∑

j∈A3
RPj for each j ∈ A3, and EPj := 317, 000×RPj/

∑
j∈A4

RPj

for each j ∈ A4.

Now consider DM
j denoting the most likely demand of relief supply in affected area j for each j ∈

A. As defined in Appendix B.3, each disaster relief commodity package can satisfy the demand of

10 people. Therefore, we set DM
j to be 1/10 of the emergency transfer and resettlement population

in the corresponding affected area, i.e., DM
j := EPj/10 for all j ∈ A. The value of DM

j is shown in

Table 9.
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Table 8: The resident population of each affected area in Guangdong Province, Hainan Province, Yunnan

Province, and Guangxi Zhuang Autonomous Region

Province (Autonomous region) Guangdong Province Hainan Province

Affected area Maoming Yangjiang Yunfu Zhanjiang Baisha Baoting

Resident population
601.3 248.0 242.8 716.7 17.0 14.9

(10,000 persons)

Province (Autonomous region) Hainan Province

Affected area Changjiang Chengmai Danzhou Dingan Dongfang Haikou

Resident population
22.7 47.7 96.1 28.8 41.5 217.1

(10,000 persons)

Province (Autonomous region) Hainan Province

Affected area Ledong Lingao Lingshui Qionghai Qiongzhong Sanya

Resident population
46.6 43.6 32.4 49.5 17.5 73.2

(10,000 persons)

Province (Autonomous region) Hainan Province Yunnan Province

Affected area Tunchang Wanning Wenchang Wuzhishan Banna Baoshan

Resident population
26.0 55.6 54.7 10.5 115.2 255.4

(10,000 persons)

Province (Autonomous region) Yunnan Province

Affected area Dehong Honghe Lincang Puer Qujing Wenshan

Resident population
124.5 459.1 247.9 258.4 597.4 357.8

(10,000 persons)

Province (Autonomous region) Yunnan Province Guangxi Zhuang Autonomous Region

Affected area Yuxi Baise Beihai Chongzuo Fangchenggang Guigang

Resident population
234.0 354.5 159.0 202.81 89.9 422.1

(10,000 persons)

Province (Autonomous region) Guangxi Zhuang Autonomous Region

Affected area Hechi Laibin Nanning Qinzhou Wuzhou Yulin

Resident population
343.2 214.9 685.4 315.9 295.4 562.3

(10,000 persons)
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Table 9: Value of DM
j , j ∈ A

Province (Autonomous region) Guangdong Province Hainan Province

Affected area j Maoming Yangjiang Yunfu Zhanjiang Baisha Baoting

DM
j 5218.8 2152.3 2107.8 6221.0 721.7 632.3

Province (Autonomous region) Hainan Province

Affected area j Changjiang Chengmai Danzhou Dingan Dongfang Haikou

DM
j 964.5 2029.8 4092.0 1225.0 1765.0 9244.7

Province (Autonomous region) Hainan Province

Affected area j Ledong Lingao Lingshui Qionghai Qiongzhong Sanya

DM
j 1982.1 1857.4 1380.5 2108.2 746.9 3116.9

Province (Autonomous region) Hainan Province Yunnan Province

Affected area j Tunchang Wanning Wenchang Wuzhishan Banna Baoshan

DM
j 1108.0 2367.5 2330.4 447.1 28.7 63.6

Province (Autonomous region) Yunnan Province

Affected area j Dehong Honghe Lincang Puer Qujing Wenshan

DM
j 31.0 114.4 61.7 64.4 148.8 89.1

Province (Autonomous region) Yunnan Province Guangxi Zhuang Autonomous Region

Affected area j Yuxi Baise Beihai Chongzuo Fangchenggang Guigang

DM
j 58.3 3082.9 1382.8 1763.6 781.8 3670.1

Province (Autonomous region) Guangxi Zhuang Autonomous Region

Affected area j Hechi Laibin Nanning Qinzhou Wuzhou Yulin

DM
j 2984.4 1868.8 5960.0 2747.2 2569.1 4889.3
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B.5 Cost parameters

In this part, we generate the cost parameters in our case study, i.e., per unit inventory pre-

positioning cost hi, fixed location and operation cost of each relief facility fi for all i ∈ F , and

assignment cost cij for all i ∈ F and j ∈ A. We assume that each unit of cost in our case study is

equal to 1,000 CNY.

(1) Unit inventory pre-positioning cost: The inventory pre-positioning cost includes the an-

nual depreciation and operating costs, in which the latter is set to be 10% of the annual

depreciation cost (see Ni et al., 2018). Note that the annual depreciation cost for each unit of

the relief supply is 3,106 CNY, which is given in Appendix B.3. Then the average unit cost for

inventory pre-positioning can be calculated as C = 3, 106× (1 + 10%)/1, 000 = 3.4. Therefore,

we generate the unit inventory pre-positioning cost by hi ∼ U(2.4, 4.4) for all i ∈ F .

(2) Fixed location and operation cost: According to the Construction Standards for Relief

Facilities, a relief facility is composed of storage rooms and non-storage auxiliary rooms, in

which the storage rooms are used to store relief supplies.24

• National-level relief facility: National-level relief facilities are classified into three cate-

gories: small, medium, and large,24 in which the medium ones are considered as illus-

tration in our case study. The minimum and maximum total construction areas of a

national-level relief facility are displayed in Table 10.24 Then we can compute the average

total construction area of a national-level relief facility, which is also given in Table 10.

• Province (Autonomous region)-level relief facility: The minimum and maximum total

construction areas of a province (autonomous region)-level relief facility are shown in Table

3.24 Then we can calculate the average total construction area of a province (autonomous

region)-level relief facility, which is also provided in Table 10.

Let Sti denote the average total construction area of relief facility i, i.e., Sti = 18,250m2 (Sti =

6,400m2, resp.) for each i ∈ F1 (i ∈ F2, resp.). Assume that a relief facility consists of 70%

brick-concrete structure and 30% brick-wood structure, whose construction costs are 1,800

CNY/m2 and 1,600 CNY/m2, respectively (see Wang, 2010). In addition, let P li be the price

per square meter of industrial land in potential location of relief facility i for each i ∈ F , the

value of which is given in Table 11. Then we can calculate the average total construction cost of
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Table 10: Construction area of relief facilities

Relief facility
Total construction area (m2) Construction area of storage rooms (m2)

Min Max Average Min Max Average

National-level (medium) 16,700 19,800 18,250 14,673 17,661 16,167

Province (Autonomous region)-level 5,000 7,800 6,400 3,985 6,641 5,313

relief facility i (denoted by Ctci ) for all i ∈ F , i.e., Ctci := (1, 800×70%+1, 600×30%+P li )×Sti
for all i ∈ F . The asset life of a relief facility is set to 50 years. Let Cdci denote the average

annual depreciation cost of relief facility i for each i ∈ F , then we have Cdci := Ctci /50 for each

i ∈ F . We assume that the annual fixed cost of locating and operating a relief facility is 120%

of the annual depreciation cost (see Ni et al., 2018). Then we can calculate the number of

units cost of relief facility i for each i ∈ F , i.e., Ci := Cdci × 120%/1, 000 for each i ∈ F . Thus,

we generate the fixed location and operation cost of relief facility i by fi ∼ U(mi, ni), where

mi := Ci − 200 and ni := Ci + 200 for each i ∈ F as shown in Table 12.

(3) Assignment cost: As mentioned in Section 1, it is essential to ensure that the affected areas

can receive relief supplies within 12 hours after the occurrence of a disaster. Assume that

the preparation lead time, which is needed to collect disaster information, load relief supplies,

etc., before performing transportation operations, is 2 hours. We assume that relief supplies are

shipped by trucks, the speed of which is 50km per hour. Then we can compute that the effective

rescue radius of a relief facility is 500km. The distance between a relief facility candidate and

an affected area is obtained by the shortest truck travel distance in Baidu Map. The distance

from relief facility candidate i to affected area j is denoted by dij for all i ∈ F and j ∈ A, whose

value is given in Tables 13 and 14. If the distance dij does not exceed 500km, i.e., dij ≤ 500,

the assignment cost cij of the arc (i, j) is assumed to be 0; otherwise we set the assignment

cost cij to a big number, ∀i ∈ F and ∀j ∈ A.
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Table 11: Industrial land price in each potential location of relief facility

Province (Autonomous region) Level of relief facility
Potential location Industrial land price

of relief facility (CNY/m2)

Guangdong Province Province-level Guangzhou 917.028

Huizhou 955.329

Maoming 402.030

Meizhou 216.131

Qingyuan 432.132

Hainan Province Province-level Danzhou 512.933

Haikou 681.934

Qionghai 489.435

Sanya 1,559.336

Wanning 380.037

Wenchang 494.938

Yunnan Province National-level Kunming 780.039

Province-level Baoshan 261.540

Chuxiong 210.041

Dali 525.042

Honghe 380.043

Puer 270.044

Qujing 424.145

Wenshan 161.246

Zhaotong 195.047

Guangxi Zhuang Autonomous Region National-level Nanning 435.048

Autonomous region-level Baise 268.349

Guilin 467.050

Hechi 324.751

Liuzhou 373.052

Yulin 214.353
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Table 12: Fixed location and operation cost of relief facility i, i ∈ F

Province (Autonomous region) Level of relief facility
Potential location

Ci fi ∼ U(mi, ni)
of relief facility i

Guangdong Province Province-level Guangzhou 408.1 fi ∼ U(208.1, 608.1)

Huizhou 414.0 fi ∼ U(214.0, 614.0)

Maoming 329.0 fi ∼ U(129.0, 529.0)

Meizhou 300.5 fi ∼ U(100.5, 500.5)

Qingyuan 333.6 fi ∼ U(133.6, 533.6)

Hainan Province Province-level Danzhou 346.0 fi ∼ U(146.0, 546.0)

Haikou 372.0 fi ∼ U(172.0, 572.0)

Qionghai 342.4 fi ∼ U(142.4, 542.4)

Sanya 506.8 fi ∼ U(306.8, 706.8)

Wanning 325.6 fi ∼ U(125.6, 525.6)

Wenchang 343.3 fi ∼ U(143.3, 543.3)

Yunnan Province National-level Kunming 1103.8 fi ∼ U(903.8, 1303.8)

Province-level Baoshan 307.4 fi ∼ U(107.4, 507.4)

Chuxiong 299.5 fi ∼ U(99.5, 499.5)

Dali 347.9 fi ∼ U(147.9, 547.9)

Honghe 325.6 fi ∼ U(125.6, 525.6)

Puer 308.7 fi ∼ U(108.7, 508.7)

Qujing 332.4 fi ∼ U(132.4, 532.4)

Wenshan 292.0 fi ∼ U(92.0, 492.0)

Zhaotong 297.2 fi ∼ U(97.2, 497.2)

Guangxi Zhuang Autonomous Region National-level Nanning 952.7 fi ∼ U(752.7, 1152.7)

Autonomous region-level Baise 308.5 fi ∼ U(108.5, 508.5)

Guilin 339.0 fi ∼ U(139.0, 539.0)

Hechi 317.1 fi ∼ U(117.1, 517.1)

Liuzhou 324.6 fi ∼ U(124.6, 524.6)

Yulin 300.2 fi ∼ U(100.2, 500.2)
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B.6 Supply capacity

In the Construction Standards for Relief Facilities, we can obtain the minimum and maximum

construction areas of storage rooms of a national-level (medium) and province (autonomous region)-

level relief facility, which are shown in Table 10.24 Then we can calculate the average construction

area of storage rooms of relief facility i (denoted by Ssri ), i.e., Ssri = 16, 167m2 (Ssri = 5,313m2,

resp.) for each i ∈ F1 (i ∈ F2, resp.). According to the Construction Standards for Relief Facilities,

the storage room of a relief facility should not exceed three floors and the height of the storage room

should not be less than 6 meters.24 In our case study, we assume that the storage room of each

relief facility has 2 floors and the height of each floor is set to 3.5 meters. Note that the volume for

each unit of the relief supply is 2.46m3, which is given in Appendix B.3. Assume that the storage

utilization ratio for the storage room of a relief facility is 90%. Then we can calculate the average

storage capacity of relief facility i (denoted by CAPi), i.e., CAPi := (Ssri × 2 × 3.5 × 0.9)/2.46

for each i ∈ F . We obtain the value of CAPi and generate the supply capacity Qi for each relief

facility i ∈ F as follows.

• National-level relief facility: CAPi = 41, 403.3 for each i ∈ F1. We generate supply capacity

of relief facility i by Qi ∼ U(ki, li), where ki := CAPi − 6, 000 and li := CAPi + 6, 000 for

each i ∈ F1.

• Province (Autonomous region)-level relief facility: CAPi = 13, 606.5 for each i ∈ F2. We

generate supply capacity of relief facility i by Qi ∼ U(ki, li), where ki := CAPi − 4, 000 and

li := CAPi + 4, 000 for each i ∈ F2.

Notes
1https://media.ifrc.org/ifrc/wp-content/uploads/sites/5/2018/10/B-WDR-2018-EN-LR.pdf
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6http://news.ifeng.com/a/20140722/41262151_0.shtml
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