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ABSTRACT

Delivery of products and services relies on well-managed opera-
tions. In designing large-scaled supply chain and service systems,
locations of key facilities are a critical decision, as these facilities
form the backbone of operations of these systems. For example, a
key to effective supply chain management is the deployment of a
structurally well-designed facility network, consisting of plants,
warehouses, retail stores, etc. The aim of the study of facility
location is to develop analytical methodologies to inform the plan-
ning decisions for evaluating and selecting siting plans for these
facilities that ensure both convenient provision of (or access to)
products and services by customers and users, as well as efficient
operations (i.e., low operating costs).

Facility location and network design has long been an integral
topic of study in operations management. In this literature, one
may observe that earlier works mainly focused on a strategic view
of accessibility and operational costs, using performance metrics
based on strategic distances between the chosen facilities and
customers or suppliers. This traditional approach often neglects
the impacts of future tactical and operational activities to be
conducted in the network, and optimizes objectives that do not
fully reflect the long-term performance of the facility network. In
attempt to rectify this shortcoming, researchers have proposed an
integrated modeling approach that enhances the classical models

Ho-Yin Mak and Zuo-Jun Max Shen (2016), “Integrated Modeling for Location
Analysis”, Foundations and Trends® in Technology, Information and Operations
Management: Vol. 9, No. 1-2; pp 1-152. DOI: 10.1561/0200000037.
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by jointly considering strategic, tactical and operational activities
in facility systems. By integrating tactical and operational char-
acteristics of facility networks into strategic design decisions, the
integrated approach offers a more balanced perspective on the
strategic trade-offs in network design.

As shown in a series of recent research, this integrated modeling
approach can potentially deliver new insights into facility loca-
tion problems in a variety of contexts, e.g., supply chain network
design, deployment of health care facilities, and design of storage
systems for renewable power. In this monograph, we perform a
review of some important concepts in this emerging stream of
literature. Motivated by supply chain design applications, we first
discuss the basic modeling concepts, including both mathemati-
cal programming-based and analytical approaches for modeling.
While simulation-optimization approaches can be used for analyz-
ing location problems, they are not covered in the scope of this
monograph. We also review techniques adopted in the literature
to analyze and solve these classes of location models. This is
aimed to serve as a reference for readers (especially students)
who like to develop their own models but are less familiar with
this line of research. Furthermore, we review a number of applica-
tions of this line of research, covering both applications in supply
chain contexts and other emerging domains, such as sustainable
transportation, energy and health care.
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Introduction

Facility location is one of the most crucial strategic planning decisions
for governments, firms and non-profit organizations alike. A popular
saying in real estate is that the three most important attributes of a
property are its location, location, location. In marketing, place (i.e.,
location) is considered as one of the four building blocks (“four P’s”) of a
marketing strategy, along with price, product and promotion. For firms
selling tangible products and services alike, strategic location planning
is often the basis of firms’ competitive advantages. For retail stores and
service facilities, good location planning allows customers to access the
firm’s offering with low access or inconvenience costs (e.g., in the form
of travel cost or time), and thereby enhances customers’ willingness
to pay and the firm’s revenue. For back-end support facilities such
as distribution centers and warehouses, a carefully located network of
facilities serves as the backbone for efficient logistics operations. In the
public sector, choice of locations of public service facilities (or equipment,
as mobile facilities), such as hospitals, fire stations and ambulances,
plays a critical role in determining the level of service provided to the
public, such as response times to emergency calls.
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While facility location can deliver positive strategic value to firms (or
organizations), it also poses significant planning risk in a large variety
of applications due to the often hefty resource commitment involved.
For example, in selecting a distribution center location, the firm needs
to acquire (purchase or engage in long-term lease) a piece of land,
construct (or acquire) a building, and equip the building with necessary
labor and equipment. As a result of this heavy commitment, facilities
are very costly to be relocated or closed after they start operating.
This high cost of recourse calls for foresight in planning, particularly in
forecasting the future operating environment (e.g., demand and costs)
and in understanding the long-term operating characteristics of, as well
as possible interactions between, the facilities.

Strategically, various considerations underpin the choice of facility loca-
tions. Proximity to markets and/or suppliers, operational efficiency of
logistics operations (e.g., to replenish stock at the chosen retail store
locations), availability of skilled labor or natural resources, access to free
or low-tariff trade zones, presence of favorable tax or regulatory policies,
political stability of the region, etc., are examples of important factors
to evaluate when planning for a network of facilities. As Daskin (2011)
(Chapter 1) suggests, these include quantifiable and non-quantifiable
factors, and the focus of developing mathematical models is on the
former.

Among those quantifiable factors of consideration, the trade-off between
service level and cost pertains in the majority of location planning
scenarios. Service level refers to the accessibility of facilities by their
users, and is typically determined by factors such as response time,
and the costs and inconvenience of access. Note that these factors are
decreasing in the distances between users and facilities; that is, service
level is typically improved as a denser facility network is deployed.
Therefore, to maximize user accessibility, a ubiquitous location strategy,
where users never need to travel long distances to access the nearest
facilities, could be desirable. Examples of this strategy include those
adopted by Seven-Eleven in certain densely populated (especially Asian)
large cities, or Starbucks in major North American cities. While such
strategies make facilities extremely accessible, the obvious downside is
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the higher operational costs due to the lack of economies of scale in
operating each facility.

On the other hand, operating costs of the facility network depend
on a multitude of factors. In the majority of planning scenarios, the
overall costs consist of fixed and variable components. It is particularly
important to note that many facility types (e.g., factories, hospitals,
transportation terminals) employ expensive equipment and thus the
fixed component of costs is typically sizable. Therefore, the dominant
factor in the strategic consideration of operating costs is often economies
of scale. That is, operating costs can often be reduced by deploying
a network with fewer (i.e., sparser) facilities each handling a larger
volume of demand. An example is the “four corners” strategy commonly
adopted by North American retailers that operate small numbers of
distribution centers, typically near the major East and West Coast
ports, to serve demand from the entire continent.

Naturally, the goals of improving service level (which calls for locating
more facilities) and reducing operating costs (locating fewer facilities)
are in conflict. The early literature focuses on developing optimization
models that attempt to balance these goals in different planning contexts.
We shall review some of the classical models in the next section.

Brief Review of Classical Location Theory

In this section, we briefly review some of the most common location
models used in practice. Typically, the planner is faced with the prob-
lem of locating a number of facilities to serve a discrete set of spatially
dispersed customers. Many classical facility location models are formu-
lated to deliberately characterize the trade-off between access distance
and costs. Access distance refers to a measure of the distance between
customers and the facilities that they patronize, and reflects the design
quality of service. Two popular measures of access distance employed
in the literature are demand-weighted distance and coverage distance.
We shall review these concepts and some of the associated optimization
models below.
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Demand-Weighted Distance Models

Demand-weighted distance is a popular metric for access distance con-
sidered in facility location models. Particularly, it considers the weighted
average of distances between individual customer locations and their
respective assigned (or patronized) facilities. Often, the weights are
selected to be proportional to the volumes of demand (e.g., number of
potential consumers, forecasted sales volumes, etc.) at the customer
sites. The consideration of such weights allows the decision maker to
prioritize service provision to customers in the sense that facilities tend
to be located closer to more important customers with larger weights.
In the case where the costs of serving a customer location are bilinear
in the location’s demand volume and access distance, demand-weighted
distance reflects the system-wide operations costs of serving all cus-
tomers with the assigned facilities. One example is a supply chain
setting in which facilities are distribution centers (DCs) and customers
are retail stores. Demand-weighted distance, in this case, provides a
proxy for the total transportation costs under direct shipments, such
that the costs of shipping to one retailer location are approximately
given by the shipment volume (demand) times the shipment distance.
Below, we briefly review the classical location models that incorporate
demand-weighted distance objective.

The P-median problem, originally formulated by Hakimi (1964, 1965)
is concerned with minimizing the demand-weighted distance of serving
a set of customers by locating a given number (P) of facilities. Note
that in graph theory terminology, the absolute median of a network
is a point from which the sum of weighted distances to all nodes of
the network is the smallest. Thus, the problem of finding the set of P
locations that minimize the total demand-weighted distance is referred
to as the P-median problem. To formulate the problem, we define the
following notation:

Sets
I = set of customers;
J = set of candidate facility locations.
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Demand and Cost Parameters

w; = demand volume at customer location ¢, ¢ € I;
d;; = distance between locations 7 and j, i € I,j € J
P = number (budget) of facilities to be located.

Decision Variables
X, = 1 if facility is opened at location j € J, 0 otherwise;
Y;; = 1 if facility at j € J is assigned to serve customer location ¢ € I.

The problem is to select, out of the candidate set J, some P facilities, and
assign them to serve customers in set I. These decisions are indicated by
the X; and Yj; binary decision variables, respectively. In the P-Median
problem formulation provided below, the objective is to minimize the
total distance between customers and their assigned facilities, weighted
by demand (1.1). The constraints stipulate that each customer location
must be assigned to one facility (1.2), that such assignment can only be
made if said facility is opened (1.3), and that the number of facilities
opened equals P (1.4).

[P-Median] min Z Z pidijYij (1.1)
il jeJ
s.t. > Yiy=1foriel (1.2)
jed

Vij—X;<0foricljeJ  (1.3)
> X;=P

jeJ

X;€{0,1} for j e J

Yi; €{0,1} forie I,j e J

For various properties and solution heuristics of the P-median problem,
one may refer to, e.g., the recent review by Daskin and Maass (2015).
A closely-related model is the uncapacitated fixed charge facility location
model, which is often also referred to as the uncapacitated facility
location (UFL) model. In this model, the hard budget constraint (1.4)
is relaxed; instead, opening a facility at site j € J incurs a fixed cost of
fj- By considering an objective function that combines the fixed costs of
opening facilities and the distance-based costs of serving customers, the
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UFL model may provide a more flexible characterization of the trade-off
between the budget of locating facilities and access distance. Let p be
the unit cost of serving one unit of customer demand per unit distance
between the customer and the assigned facility (e.g., unit shipping cost).
Then, the uncapacitated fixed charge location model can be formulated
as follows:

[UFL]: min Z X+ pz Z pidi; Y (1.5)
jeJ iel jed
st (1.2),(1.3).

It is also noted that both the P-median and UFL models do not consider
capacity of facilities (e.g., available land area for warehouses). Let C;
be the maximum demand volume that can be handled by a facility at
j € J. The capacitated fixed charge facility location model (CFL) is
formulated by adding the following capacity constraint, which limits
the volume of customer demand that can be assigned to a facility, to
the UFL model:

Zui}/ij < Cj for j € J. (1.6)

el
In generalizing the UFL to the CFL model, one consideration of note
is the modeling of single versus multiple sourcing. In the UFL model,
one may note that the constraints that Y;; must take on binary values
can be relaxed without loss. This is because, given binary values of X,
the remaining problem in the Y;; variables is a bipartite assignment
problem, which is a special case of the minimum cost flow problem.
Thus, the basic feasible solutions (in Y) are naturally integer-valued
(see, for example, Section 11.4 of Ahuja et al. (1993) for more detailed
discussions). This suggests that, under the UFL setting, it is always
optimal to serve all demand from a customer site to the same facility,
i.e., use single sourcing. In fact, it can be observed that it is always
optimal to assign all demand at a customer location to the nearest open
facility. In the CFL model, however, due to the additional capacity
constraint (1.6), such closest assignment may not necessarily be feasible.
Then, the distinction between single and multiple sourcing becomes
relevant. If the application allows demand volume at the same customer
site to be split in proportions (given by Y;;) among multiple facilities,
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one may relax the binary constraints on Y;; to simply 0 < Y;; < 1,
which potentially improves the objective value.

Coverage Distance

The demand-weighted distance objective provides an average-case view
(over the set of customers) of the facility network, by considering the
aggregate service measure (measured by access distance) provided to
all customers, weighted by demand sizes. This may not be the most
appropriate objective in applications where the worst-case service pro-
vision to customers is of primary concern. For example, for emergency
medical services, the planning objective is often to maximize the vol-
ume or proportion of potential demand that can be served within a
prescribed time guarantee, rather than the average response time to
requests. Similar considerations arise in retail settings, where stores can
attract customers located within certain distances. In these applications,
the primary concern in planning is whether or not a facility is available
within a certain critical distance, which is referred to as the coverage
distance, to each customer.

To reflect whether a customer is located within the coverage distance,
denoted by dc, of a facility, we define the binary parameter a;; =
1(d;; < dc), where 1(-) denotes the indicator function. Then, we can
formulate the set covering location model (Toregas et al., 1971), which
aims to locate the minimum number of facilities to cover all customers
within the coverage distance.

[Set Covering Location] :  min Z [iX; (1.7)
JjeJ

s.t. Zainj >1foriel (18)
jedJ

X; €{0,1} for j € J.

The objective (1.7) is to minimize the number (or more generally,
opening costs) of facilities required to satisfy constraints (1.8) that
require at least one facility to be opened within the coverage radius
from each customer location. The set covering location problem has
important applications in the public sector. For example, the location
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of facilities such as hospitals, emergency medical services, police and
fire stations, and schools, all should incorporate the access radius as a
primary criterion in planning.

More generally, the set covering problem is one of selecting an optimal
(minimum-cost) set of subsets of a collection of elements under the
constraint that all elements have to be covered in at least one selected
subset. In the facility location context, the elements refer to customer
locations, and each feasible subset of elements is defined as the group
of customers within the coverage distance of each candidate facility
location. Thus, selecting among these subsets of customers is equivalent
to selecting among candidate locations. Furthermore, the constraint that
all elements are included in selected subsets is interpreted as requiring
all customers to be covered within the prescribed coverage distance
from some selected facilities.

The general formulation for set covering (Roth, 1969) is provided as
follows. Let I be the set of elements to be covered, and N C 2! be a
collection of feasible subsets of I. Then, for each member R € N, we
define the binary decision variable Zp to indicate whether the set R is
selected or not, with the cost associated given by cr. Then, the general
set covering problem can be formulated as:

[General Set Covering] : Z CRZR (1.9)
ReN
s.t. > Zr>1lforiel (1.10)
ReN:ER

Zr €{0,1} for R € N.

Interestingly, the general set covering problem arises in the solution
procedure of some class of integrated location models with weighted-
distance objectives. We shall revisit this in Section 3.

One limitation of the set covering location problem is its strict require-
ment that all customers must be covered, which was appropriate in the
original context studied by Toregas et al. (1971) of locating emergency
service facilities. While this requirement is often necessary for public sec-
tor services, we note that it is often the case that the marginal demand
coverage for increasing the number of facilities is decreasing. Thus, in
settings involving planners in the private sector, it is often beneficial
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to leave out certain customers that are too costly to cover. One may
then consider the maximum covering problem that maximizes demand
coverage subject to a given budget to locate facilities, formulated as

follows:
[Max Covering Location] : max > ;U (1.11)
iel
s.t. Z ainj >U;foriel (112)
JjeJ
Y X;<P (1.13)
JjeJ

UZ',Xj 6{0,1} foriel,jeJ

In the above, the objective (1.11) is to maximize the volume of demand
being covered by the network of facilities, where binary decision variable
U; indicates whether customer location ¢ is covered. Constraints (1.12)
are similar to (1.8) in the set covering problem, but allow the flexibility
of not covering certain customer locations, in which case they do not
contribute to the objective (U; = 0). Constraint (1.13) limits the number
of facilities to the budgeted number (P).

Motivation for Integrated Modeling

The location models discussed so far focus on the fundamental trade-off
between facility location costs and access distance. Despite the strategic
importance of this trade-off, we may observe in a variety of applications
that this alone is inadequate to capture other important strategic
considerations in location design. Here, we provide an illustration based
on a supply chain design setting.

Consider the problem of deploying DCs to serve a geographical market
(e.g., the contiguous US). For illustration, we use the 49-node data
set provided by Daskin (2011). The 49 nodes, which serve as both
customer locations and candidate facility locations are the state capitals
of the 48 contiguous states and Washington DC. The demand rates
at each of these customer nodes are assumed to be proportional to
the state populations and the shipping costs are proportional to great
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circle distances! between the cities. Following the classical modeling
approach, one might determine the locations based on the UFL model,
by considering location costs f; as the (annualized) construction and
operating costs of the DCs and pd;; as the shipping cost per unit demand
between two locations ¢ and j. To illustrate the trade-off between location
and transportation costs, we vary the weight p = 1,1.5,2 on the unit
transportation cost and compare the optimal DC locations, as mapped
in Figure 1.1. Intuitively, a higher transportation cost weight leads to
locating more DCs, as higher unit transportation costs favors reducing
shipping distances from DCs to customers by increasing the density
of DCs. In general, the relative magnitudes of the location cost and
transportation cost weights determine the degree of consolidation of
the supply chain network.

Figure 1.1: UFL Solutions Under Different Transportation Costs

However, one may notice that the aforementioned consideration does
not fully capture the consolidation-deconsolidation trade-off in strategic
distribution network design. In supply chain management, it is well
known that facility costs, transportation costs and inventory costs are
the three major cost components driving network design decisions (e.g.,
Chopra and Meindl, 2007). The conventional models focus on the former
two, but do not account for inventory costs. To illustrate why this can
be a problem, we extend the example by comparing the UFL setting
with two other alternative settings that consider inventory costs.

IThe great circle distance is the shortest distance between two points on a sphere.
It is often used as a proxy for the straight-line distance between two cities, adjusted
for the Earth’s surface curvature.
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Figure 1.2 (a) shows the solution to the UFL problem for the dataset
(with p = 1), which consists of five opened facilities in Sacramento (CA),
Austin (TX), Tallahassee (FL), Springfield (IL) and Trenton (NJ). We
refer to the UFL problem as Setting 1 and the corresponding optimal
solution (set of chosen facilities) as Solution 1. To account for inventory
costs, consider a setting (Setting 2) in which demand is random (with
mean and standard deviation proportional to state population). Each
facility, once located, needs to carry enough safety stock to ensure a
95% Type-1 service level. Under this alternative model, we may solve a
stochastic optimization model to obtain the optimal solution (Solution
2) illustrated in Figure 1.2 (b). One can observe that there are now only
three DCs instead of five.

(a) UFL Solution (b) Service Level (¢) Transshipments

Figure 1.2: Maps of Location Plans under Different Model Settings

One may naturally wonder why locating three DCs rather than five (at
different locations) would be optimal as one considers safety stock hold-
ing costs. One major reason is the effect of risk pooling (Eppen, 1979).
In particular, safety stock can be reduced by pooling larger volumes
of demand at smaller number of DCs. This “statistical” economies of
scale effect tilts the optimal balance in the consolidation-deconsolidation
trade-off and causes the optimal number of DCs to be reduced. A more
detailed discussion of such effects will be provided in later chapters.
To make things even more interesting, we consider another alternative
setting (Setting 3) in which facilities may transship inventory among
themselves to cope with random demand. Furthermore, instead of satis-
fying a Type-1 service level, the safety stock level is chosen to minimize
a newsvendor-type cost function including holding, shortage, and trans-
shipment costs. The resulting optimal solution (Solution 3) is provided
in Figure 1.2 (c). Interestingly, not only is it optimal to locate five
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rather than three DCs, but the locations are also slightly different from
Solution 1; in particular, Montegomery (AL) is selected instead of Talla-
hassee (FL). This is, in part, due to the consideration of transshipment
operations. First, with the possibility of sharing inventory through trans-
shipments, it is possible to share inventory and achieve pooling benefits
without the need to deliberately consolidate the network of DCs (i.e.,
reducing to four DCs in the case of no transshipments). Second, the
specific locations of the five DCs is the outcome of the trade-off between
minimizing transportation costs to customers and transshipment costs.
The former encourages DCs to be located closer to centers of customer
clusters, and the latter encourages DCs to be placed closer to each
other. With the additional consideration of the transshipment effect,
the choice of Montegomery (AL) allows the set of DCs to be, on average,
more centrally located within the country.

Table 1.1: Percentage Performance Gaps of the Three Solutions Under the Three
Settings

Solution 1  Solution 2  Solution 3

Setting 1 | 0.00% 2.15% 0.23%
Setting 2 | 6.29% 0.00% 6.19%
Setting 3 | 1.95% 5.90% 0.00%

Note that the optimal strategy in one setting is suboptimal in the others.
In Table 1.1, we compare the performance of each of the three solutions
under each of the three settings. In particular, we report the percentage
cost increase of each solution over the optimal one in the same setting.
We observe that both Solutions 1 (6.3% worse than optimal) and 3
(6.2% worse than optimal), which suggest opening five DCs, perform
substantially worse in Setting 2 than the optimal solution (Solution 2).
This suggests that failure to account for the risk-pooling effect leads to
significant cost increases. On the other hand, Solution 2 also performs
relatively poorly under Setting 3, suggesting that failure to account
for transshipment opportunities at the network design stage also leads
to cost inefficiencies. Finally, although Solution 1 differs from Solution
3 by the location of just one DC, it performs about 2% worse under
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Setting 3. This further highlights that importance of selecting the right
set (on top of the right number) of facilities for the problem setting on
hand.

From this simple illustrative example, we can see that conventional
models that consider generic, distance-only objectives (e.g., the UFL
model) may fail to capture important design characteristics arising from
specific operations of certain facility types, leading to significantly sub-
optimal network designs. This potential shortcoming can be overcome
by enhancing the models with an integrated view of both the conceptual
cost-distance trade-off and the operating characteristics of the specific
facility types. This monograph is dedicated to reviewing the recent
developments of this line of research.

Aims and Scope

While we have briefly introduced the classical facility location models
in Section 1, we do not attempt to provide a comprehensive review of
this extensive literature. Our focus will be on integrated models that
incorporate operational features of facilities beyond distance-focused
considerations. For more comprehensive reviews and discussions of
the properties and solution strategies for classical models, as well as
various extensions, applications and modeling discussions, one may refer
to the excellent texts by Daskin (2011), Drezner (1995), Hamacher
and Drezner (2002), and Laporte et al. (2015). Likewise, while many
of the applications we shall discuss make use of important results in
research streams such as inventory theory to model operational features
of facilities, we also do not intend to provide a full review of these
areas beyond what is required to develop the integrated facility location
models. Interested readers may refer to, for example, Zipkin (2000), for
more complete discussion and references.

The study of integrated facility location modeling has a long history. In
the 1980’s, works by Daskin (1983), Eaton et al. (1985), and ReVelle
and Hogan (1989) consider the operational characteristics of mobile
facilities such as ambulances and the optimal deployment strategies
taking into account congestion probabilities. However, it was until the
2000’s when this research area sustained very rapid growth. Part of
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the reason was the significant computational challenges associated with
solving the integrated models, which had been difficult to overcome
before the recent advancements in computational power of computers
as well as optimization (particularly, stochastic and nonlinear integer
programming) theory. With the rapid growth, a myriad of modeling
approaches, solution methodologies and application areas have been
proposed by researchers and practitioners. The aim of this monograph
is to provide a timely review of some of these important developments.
With the exploding growth and huge volume of related research, our
review is inevitably restricted in scope and cannot be comprehensive.
As our aim is to review major modeling approaches, solution methodol-
ogy and some promising current and future research directions, some
application areas are inevitably omitted. For other recent reviews, we
refer interested readers to Shen (2007) and Mak and Shen (2011). It
is also notable that simulation-optimization techniques, designed for
ranking and selection problems where performances of alternatives can
be evaluated via simulation, are also a promising approach to the class
of problems that we consider, since the operational performance of
facilities can be simulated in detail. Our focus will be mainly on math-
ematical programming and analytical modeling approaches, and refer
interested readers to Fu (2002), Hong and Nelson (2009), and Luo et al.
(2015) (and the references therein) for this alternative methodology.
In this monograph, we provide discussion on four aspects of the research
stream. In Chapter 2, we discuss several popular modeling approaches
employed by researchers to model integrated location problems, such as
nonlinear integer programming, stochastic programming and continuous
approximation. In Chapter 3, we provide a brief account of some promis-
ing solution methodologies, including decomposition methods and conic
optimization methods. Then, in Chapters 4 and 5, we draw from the
broad range of applications of the integrated modeling framework in
the classical supply chain design context and several other emerging
application domains, respectively. Finally, we conclude the volume and
discuss some promising future research directions in Chapter 6.
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Notation

Throughout the monograph, we use boldface letters to represent matrices
or vectors of variables denoted by the same letters. For example, Y is
the matrix with components being the Y;;’s. Furthermore, x’ denotes
the transpose of column vector x, and x'y denotes the inner product of
column vectors x and y.



Full text is available at http://dx.doi.org/10.1561/0200000037

References

Acimovic, J. and S. C. Graves. 2014. “Making better fulfillment decisions
on the fly in an online retail environment”. Manufacturing & Service
Operations Management. 17(1): 34-51.

Ahuja, R. K., T. L. Magnanti, and J. B. Orlin. 1993. Network flows:
Theory, algorithms and applications. Prentice Hall.

Alizamir, S., F. de Véricourt, and P. Sun. 2016. “Efficient feed-in-tariff
policies for renewable energy technologies”. Operations Research.
64(1): 52-66.

Artzner, P., F. Delbaen, J.-M. Eber, and D. Heath. 1999. “Coherent
measures of risk”. Mathematical finance. 9(3): 203-228.

Atamtiirk, A., G. Berenguer, and Z.-J. Shen. 2012. “A conic integer pro-
gramming approach to stochastic joint location-inventory problems”.
Operations research. 60(2): 366-381.

Atamtiirk, A. and V. Narayanan. 2008. “Polymatroids and Mean-risk
Minimization in Discrete Optimization”. Operations Research Let-
ters. 36(5): 618-622.

Axséter, S. 1996. “Using the deterministic EOQ formula in stochastic
inventory control”. Management Science. 42(6): 830-834.

Axséter, S. 2007. Inventory control. Springer.

Barnhart, C., E. L. Johnson, G. L. Nemhauser, M. W. Savelsbergh,
and P. H. Vance. 1998. “Branch-and-price: Column generation for
solving huge integer programs”. Operations research. 46(3): 316-329.

143



Full text is available at http://dx.doi.org/10.1561/0200000037
144 References

Bazaraa, M., H. Sherali, and C. Shetty. 2004. Nonlinear Programming:
Theory and Algorithms, Second Edition. Wiley.

Belavina, E., K. Girotra, and A. Kabra. 2016. “Online Grocery Retail:
Revenue Models and Environmental Impact”. Management Science.

Berman, O. and D. Krass. 2002. “The generalized maximal covering
location problem”. Computers & Operations Research. 29(6): 563—
581.

Berman, O., D. Krass, and Z. Drezner. 2003. “The gradual covering decay
location problem on a network”. European Journal of Operational
Research. 151(3): 474-480.

Bhatti, S. F., M. K. Lim, and H.-Y. Mak. 2015. “Alternative fuel
station location model with demand learning”. Annals of Operations
Research: 1-23.

Bitar, E., K. Poolla, P. Khargonekar, R. Rajagopal, P. Varaiya, and
F. Wu. 2012. “Selling random wind”. In: System Science (HICSS),
2012 45th Hawaii International Conference on. IEEE. 1931-1937.

Boyd, S. and L. Vandenberghe. 2009. Convex optimization. Cambridge
university press.

Bridgman, P. 1922. Dimensional analysis. Yale University Press.

Brotcorne, L., G. Laporte, and F. Semet. 2003. “Ambulance location
and relocation models”. Furopean journal of operational research.
147(3): 451-463.

Cachon, G. P. 2012. “What is interesting in operations management?”
Manufacturing € Service Operations Management. 14(2): 166-169.

Cachon, G. P. 2014. “Retail store density and the cost of greenhouse
gas emissions”. Management Science. 60(8): 1907-1925.

California Department of Transportation. 2010. “California Household
Travel Survey”. http://www.dot.ca.gov/hq/tsip/otfa/tab/chts__
travelsurvey.html.

Chen, G., M. S. Daskin, Z.-J. M. Shen, and S. Uryasev. 2006. “The
a-reliable mean-excess regret model for stochastic facility location
modeling”. Naval Research Logistics (NRL). 53(7): 617-626.

Chen, Q., X. Li, and Y. Ouyang. 2011. “Joint inventory-location problem
under the risk of probabilistic facility disruptions”. Transportation
Research Part B: Methodological. 45(7): 991-1003.


http://www.dot.ca.gov/hq/tsip/otfa/tab/chts_travelsurvey.html
http://www.dot.ca.gov/hq/tsip/otfa/tab/chts_travelsurvey.html

Full text is available at http://dx.doi.org/10.1561/0200000037

References 145

Chen, X., M. Sim, and P. Sun. 2007. “A robust optimization perspective
on stochastic programming”. Operations Research. 55(6): 1058-1071.
Cheung, R. K. and W. B. Powell. 1996. “An algorithm for multistage
dynamic networks with random arc capacities, with an application
to dynamic fleet management”. Operations Research. 44(6): 951-963.

Cho, S.-H., H. Jang, T. Lee, and J. Turner. 2014. “Simultaneous location
of trauma centers and helicopters for emergency medical service
planning”. Operations Research. 62(4): 751-771.

Chopra, S. and P. Meindl. 2007. Supply Chain Management. Strategy,
Planning € Operation. Springer.

Chopra, S., G. Reinhardt, and U. Mohan. 2007. “The importance of
decoupling recurrent and disruption risks in a supply chain”. Naval
Research Logistics (NRL). 54(5): 544-555.

Church, R. and C. R. Velle. 1974. “The maximal covering location
problem”. Papers in Regional Science. 32(1): 101-118.

Cohen, M. C., R. Lobel, and G. Perakis. 2015. “The impact of demand
uncertainty on consumer subsidies for green technology adoption”.
Management Science.

Cui, T., Y. Ouyang, and Z.-J. M. Shen. 2010. “Reliable facility location
design under the risk of disruptions”. Operations Research. 58(4-
part-1): 998-1011.

Daganzo, C. F. 1984. “The distance traveled to visit N points with
a maximum of C stops per vehicle: An analytic model and an
application”. Transportation Science. 18(4): 331-350.

Daganzo, C. F. 2005. Logistics systems analysis. Springer.

Daganzo, C. F. and K. R. Smilowitz. 2004. “Bounds and approximations
for the transportation problem of linear programming and other
scalable network problems”. Transportation science. 38(3): 343-356.

Daskin, M. S. 1983. “A maximum expected covering location model: for-
mulation, properties and heuristic solution”. Transportation Science.
17(1): 48-70.

Daskin, M. S. 2011. Network and discrete location: models, algorithms,
and applications. John Wiley & Sons.



Full text is available at http://dx.doi.org/10.1561/0200000037

146 References

Daskin, M. S., C. R. Coullard, and Z.-J. M. Shen. 2002. “An inventory-
location model: Formulation, solution algorithm and computational
results”. Annals of Operations Research. 110(1-4): 83-106.

Daskin, M. S. and L. K. Dean. 2004. “Location of health care facilities”.
In: Operations research and health care. Springer. 43-76.

Daskin, M. S., S. M. Hesse, and C. S. Revelle. 1997. “a-reliable p-
minimax regret: a new model for strategic facility location modeling”.
Location Science. 5(4): 227-246.

Daskin, M. S. and K. L. Maass. 2015. “The p-Median Problem”. In:
Location Science. Springer. 21-45.

Deo, S., J. Gallien, and J. O. Jonasson. 2015. “Improving HIV early
infant diagnosis supply chains in sub-Saharan Africa: Models and
application to Mozambique”. Tech. rep. London Business School.

Drezner, Z. 1995. Facility location: a survey of applications and methods.
Springer Verlag.

Eaton, D. J., M. S. Daskin, D. Simmons, B. Bulloch, and G. Jansma.
1985. “Determining emergency medical service vehicle deployment
in Austin, Texas”. Interfaces. 15(1): 96-108.

Edmonds, J. 1970. “Submodular functions, matroids, and certain poly-
hedra”. Combinatorial Structures and Their Applications: 69-87.

Eppen, G. D. 1979. “Effects of centralization on expected costs in a
multi-location newsboy problem”. Management Science. 25(5): 498—
501.

Fisher, M. L. 1985. “An applications oriented guide to Lagrangian
relaxation”. Interfaces. 15(2): 10-21.

Forbes. 2013. “Ecommerce is Growing Nicely while Mcommerce is on
a Tear”. http://www.forbes.com /sites/chuckjones/2013/10/02/
ecommerce-is-growing-nicely-while-mcommerce-is-on-a-tear/.

Forbes. 2015. “Alibaba Starts Drone Delivery Test In Three-Day Pro-
gram”. http://www.forbes.com/sites/ywang/2015/02/03/alibaba-
starts-drone-delivery-test-in-three-day-program/.

Foreman, J., J. Gallien, J. Alspaugh, F. Lopez, R. Bhatnagar, C. C. Teo,
and C. Dubois. 2010. “Implementing supply-routing optimization in
a make-to-order manufacturing network”. Manufacturing € Service
Operations Management. 12(4): 547-568.


http://www.forbes.com/sites/chuckjones/2013/10/02/ecommerce-is-growing-nicely-while-mcommerce-is-on-a-tear/
http://www.forbes.com/sites/chuckjones/2013/10/02/ecommerce-is-growing-nicely-while-mcommerce-is-on-a-tear/
http://www.forbes.com/sites/ywang/2015/02/03/alibaba-starts-drone-delivery-test-in-three-day-program/
http://www.forbes.com/sites/ywang/2015/02/03/alibaba-starts-drone-delivery-test-in-three-day-program/

Full text is available at http://dx.doi.org/10.1561/0200000037
References 147

Fu, M. C. 2002. “Optimization for simulation: Theory vs. practice”.
INFORMS Journal on Computing. 14(3): 192-215.

Goh, J. and M. Sim. 2010. “Distributionally robust optimization and
its tractable approximations”. Operations research. 58(4): 902-917.

Gresh, D. L. and E. I. Kelton. 2003. “Visualization, optimization, busi-
ness strategy: a case study”. In: Visualization, 2003. VIS 20083.
IEFEFE. 531-538.

Hakimi, S. L. 1964. “Optimum locations of switching centers and the
absolute centers and medians of a graph”. Operations Research.
12(3): 450—4509.

Hakimi, S. L. 1965. “Optimum distribution of switching centers in a
communication network and some related graph theoretic problems”.
Operations Research. 13(3): 462-475.

Hamacher, H. W. and Z. Drezner. 2002. Facility location: applications
and theory. Springer.

Harrison, J. M. and J. A. Van Mieghem. 1999. “Multi-resource invest-
ment strategies: Operational hedging under demand uncertainty”.
European Journal of Operational Research. 113(1): 17-29.

He, L., H-Y. Mak, Y. Rong, and Z.-J. M. Shen. 2016. “Service Region
Design for Urban Electric Vehicle Sharing Systems”. Tech. rep.
Working paper, National University of Singapore.

Hong, L. J. and B. L. Nelson. 2009. “A brief introduction to optimiza-
tion via simulation”. In: Winter Simulation Conference. Winter
Simulation Conference. 75-85.

Kabra, A., E. Belavina, and K. Girotra. 2015. “Bike Share Systems:
Accessibility and Availability”. Tech. rep. INSEAD.

Kim, J. H. and W. B. Powell. 2011. “Optimal energy commitments
with storage and intermittent supply”. Operations Research. 59(6):
1347-1360.

Kunnumkal, S. and H. Topaloglu. 2008. “A refined deterministic lin-
ear program for the network revenue management problem with
customer choice behavior”. Naval Research Logistics (NRL). 55(6):
563-580.

Laporte, G., S. Nickel, and F. S. da Gama. 2015. Location science.
Vol. 145. Springer.



Full text is available at http://dx.doi.org/10.1561/0200000037

148 References

Li, X. and Y. Ouyang. 2010. “A continuum approximation approach
to reliable facility location design under correlated probabilistic
disruptions”. Transportation Research Part B: Methodological. 44(4):
535-548.

Lim, M. K., A. Bassamboo, S. Chopra, and M. S. Daskin. 2013. “Facility
location decisions with random disruptions and imperfect estima-
tion”. Manufacturing & Service Operations Management. 15(2): 239—
249.

Lim, M. K., H.-Y. Mak, and Z.-J. Shen. 2016. “Agility and proximity
considerations in supply chain design”. Management Science.

Lim, M., M. S. Daskin, A. Bassamboo, and S. Chopra. 2010. “A facility
reliability problem: formulation, properties, and algorithm”. Nawval
Research Logistics (NRL). 57(1): 58-70.

Lobo, M. S., L. Vandenberghe, S. Boyd, and H. Lebret. 1998. “Applica-
tions of second-order cone programming”. Linear Algebra and its
Applications. 284(1): 193-228.

Lu, D., F. Gzara, and S. Elhedhli. 2014. “Facility location with economies
and diseconomies of scale: models and column generation heuristics”.
IIE Transactions. 46(6): 585-600.

Luo, J., L. J. Hong, B. L. Nelson, and Y. Wu. 2015. “Fully sequential
procedures for large-scale ranking-and-selection problems in parallel
computing environments”. Operations Research. 63(5): 1177-1194.

Mak, H.-Y. 2012. “Supply Chain Network Design with Dynamic In-
ventory Sharing”. Working Paper, The Hong Kong University of
Science and Technology.

Mak, H.-Y., Y. Rong, and Z.-J. M. Shen. 2013. “Infrastructure planning
for electric vehicles with battery swapping”. Management Science.
59(7): 1557-1575.

Mak, H.-Y. and Z.-J. Shen. 2009. “A two-echelon inventory-location
problem with service considerations”. Nawal Research Logistics.
56(8): 730-744.

Mak, H.-Y. and Z.-J. Shen. 2012. “Risk diversification and risk pooling
in supply chain design”. IIE Transactions. 44(8): 603-621.



Full text is available at http://dx.doi.org/10.1561/0200000037

References 149

Mak, H.-Y. and Z.-J. M. Shen. 2011. “Integrated Supply Chain Design
Models”. Wiley Encyclopedia of Operations Research and Manage-
ment Science.

Marianov, V. and C. ReVelle. 1996. “The queueing maximal availability
location problem: a model for the siting of emergency vehicles”.
European Journal of Operational Research. 93(1): 110-120.

McCormick, G. P. 1976. “Computability of global solutions to factorable
nonconvex programs: Part I - Convex underestimating problems”.
Mathematical programming. 10(1): 147-175.

Nahmias, S. and Y. Cheng. 2009. Production and operations analysis.
Vol. 5. McGraw-Hill New York.

Naseraldin, H. and Y. T. Herer. 2008. “Integrating the number and
location of retail outlets on a line with replenishment decisions”.
Management Science. 54(9): 1666-1683.

Newell, G. F. 1973. “Scheduling, location, transportation, and continuum
mechanics: some simple approximations to optimization problems”.
SIAM Journal on Applied Mathematics. 25(3): 346-360.

Oral, M. and O. Kettani. 1992. “A linearization procedure for quadratic
and cubic mixed-integer problems”. Operations Research. 40(1 sup-
plement 1): S109-S116.

Ouyang, Y. and C. F. Daganzo. 2006. “Discretization and validation of
the continuum approximation scheme for terminal system design”.
Transportation Science. 40(1): 89-98.

Ozsen, L., C. R. Coullard, and M. S. Daskin. 2008. “Capacitated ware-
house location model with risk pooling”. Naval Research Logistics
(NRL). 55(4): 295-312.

Ozsen, L., M. S. Daskin, and C. R. Coullard. 2009. “Facility location
modeling and inventory management with multisourcing”. Trans-
portation Science. 43(4): 455-472.

Powell, W. B. 2007. Approximate Dynamic Programming: Solving the
curses of dimensionality. John Wiley & Sons.

Powell, W. B. and R. K.-M. Cheung. 1994. “A network recourse decom-
position method for dynamic networks with random arc capacities”.
Networks. 24(7): 369-384.



Full text is available at http://dx.doi.org/10.1561/0200000037

150 References

Providence Business News. 2010. “CVS to Open First 9 Stores in
Puerto Rico”. http://pbn.com/cvs-to-open-first-9-stores-in-puerto-
1ric0,479597print=1.

Puerto Rico Daily Sun. 2011. “CVS/Pharmacy to Open 13 Stores in
Puerto Rico by 2012”.

Qi, L., Z.-J. Shen, and L. V. Snyder. 2010. “The effect of supply dis-
ruptions on supply chain design decisions”. Transportation Science.
44(2): 274-289.

Qi, W., Y. Liang, and Z.-J. M. Shen. 2015. “Joint Planning of Energy
Storage and Transmission for Wind Energy Generation”. Operations
Research. 63(6): 1280-1293.

ReVelle, C. and K. Hogan. 1989. “The maximum availability location
problem”. Transportation Science. 23(3): 192-200.

Robinson, L. W. 1990. “Optimal and approximate policies in multiperiod,
multilocation inventory models with transshipments”. Operations
Research. 38(2): 278-295.

Rockafellar, R. T. and S. Uryasev. 2000. “Optimization of conditional
value-at-risk”. Journal of Risk. 2: 21-42.

Rockafellar, R. T. and S. Uryasev. 2002. “Conditional value-at-risk for
general loss distributions”. Journal of Banking & Finance. 26(7):
1443-1471.

Roth, R. 1969. “Computer solutions to minimum-cover problems”. Op-
erations Research. 17(3): 455-465.

Serra, D. and V. Marianov. 1998. “The P-median problem in a changing
network: the case of Barcelona”. Location Science. 6(1): 383-394.

Shen, Z.-J. M. 2005. “A multi-commodity supply chain design problem”.
IIE Transactions. 37(8): 753-762.

Shen, Z.-J. M. 2007. “Integrated supply chain design models: a survey
and future research directions”. Journal of Industrial and Manage-
ment Optimization. 3(1): 1.

Shen, Z.-J. M., C. Coullard, and M. S. Daskin. 2003. “A joint location-
inventory model”. Transportation Science. 37(1): 40-55.

Shen, Z.-J. M., R. L. Zhan, and J. Zhang. 2011. “The reliable facil-
ity location problem: Formulations, heuristics, and approximation
algorithms”. INFORMS Journal on Computing. 23(3): 470-482.


http://pbn.com/cvs-to-open-first-9-stores-in-puerto-rico,47959?print=1
http://pbn.com/cvs-to-open-first-9-stores-in-puerto-rico,47959?print=1

Full text is available at http://dx.doi.org/10.1561/0200000037

References 151

Sherali, H. D., G. Choi, and C. H. Tuncbilek. 2000. “A variable tar-
get value method for nondifferentiable optimization”. Operations
Research Letters. 26(1): 1-8.

Shu, J., M. Song, D. Xu, and K. Zhang. 2014. “A Column Generation Al-
gorithm for Facility Location with General Facility Cost Functions”.
Tech. rep. University of Hong Kong.

Snyder, L. V. 2006. “Facility location under uncertainty: a review”. IIE
Transactions. 38(7): 547-564.

Snyder, L. V., Z. Atan, P. Peng, Y. Rong, A. J. Schmitt, and B. Sinsoysal.
2015. “OR/MS models for supply chain disruptions: A review”. IIE
Transactions: 1-21.

Snyder, L. V. and M. S. Daskin. 2005. “Reliability models for facility
location: the expected failure cost case”. Transportation Science.
39(3): 400-416.

Snyder, L. V., M. S. Daskin, and C.-P. Teo. 2007. “The stochastic
location model with risk pooling”. Furopean Journal of Operational
Research. 179(3): 1221-1238.

Snyder, L. V. and Z.-J. M. Shen. 2006. “Supply and demand uncertainty
in multi-echelon supply chains”. Technical Report, Lehigh University.

Sonin, A. A. 2001. “The physical basis of dimensional analysis”. De-
partment of Mechanical Engineering, MIT, Cambridge, MA.

Tomlin, B. 2006. “On the value of mitigation and contingency strategies
for managing supply chain disruption risks”. Management Science.
52(5): 639-657.

Tomlin, B. 2009. “Disruption-management strategies for short life-cycle
products”. Naval Research Logistics (NRL). 56(4): 318-347.

Topaloglu, H. and S. Kunnumkal. 2006. “Approximate dynamic pro-
gramming methods for an inventory allocation problem under un-
certainty”. Naval Research Logistics (NRL). 53(8): 822-841.

Toregas, C., R. Swain, C. ReVelle, and L. Bergman. 1971. “The location
of emergency service facilities”. Operations Research. 19(6): 1363~
1373.

US Environmental Protection Agency. 2014. “Sources of Greenhouse
Gas Emissions”. http://www.epa.gov/climatechange/ghgemissions/
sources/electricity.html.


http://www.epa.gov/climatechange/ghgemissions/sources/electricity.html
http://www.epa.gov/climatechange/ghgemissions/sources/electricity.html

Full text is available at http://dx.doi.org/10.1561/0200000037
152 References

Vakharia, A. J. and A. Yenipazarli. 2009. Managing supply chain dis-
ruptions. Now Publishers Inc.

Vanderbeck, F. and M. W. Savelsbergh. 2006. “A generic view of Dantzig—
Wolfe decomposition in mixed integer programming”. Operations
Research Letters. 34(3): 296-306.

Wall Street Journal. 2011a. “Apple Careful in China”. http://www.wsj.
com /articles/SB10001424053111903703604576588351297817510.
Wall Street Journal. 2011b. “Quake Still Rattles Suppliers”. http://www.

wsj.com/articles/SB10001424053111904563904576586040856135596.

Wu, O. Q. and R. Kapuscinski. 2013. “Curtailing intermittent gener-
ation in electrical systems”. Manufacturing € Service Operations
Management. 15(4): 578-595.

Xu, P. J., R. Allgor, and S. C. Graves. 2009. “Benefits of reevaluat-
ing real-time order fulfillment decisions”. Manufacturing & Service
Operations Management. 11(2): 340-355.

Zipkin, P. H. 2000. Foundations of inventory management. McGraw-Hill
New York.


http://www.wsj.com/articles/SB10001424053111903703604576588351297817510
http://www.wsj.com/articles/SB10001424053111903703604576588351297817510
http://www.wsj.com/articles/SB10001424053111904563904576586040856135596
http://www.wsj.com/articles/SB10001424053111904563904576586040856135596

	Introduction
	Brief Review of Classical Location Theory
	Aims and Scope
	Notation

	Integrated Modeling Approaches
	Nonlinear Integer Programming
	Stochastic Programming
	Continuous Approximation
	Discussion

	Solution Techniques
	Decomposition Methods
	Conic Programming
	Dimensional Analysis
	Discussion

	Applications in Supply Chain Settings
	Capacitated Distribution Center Location for Traditional Supply Chains
	Supply Chain Design under Uncertainty
	Multiple-Commodity Supply Chain Design
	Supply Chain Design with Disruption Considerations
	Fulfillment Center Location for Online Retailers
	Analytical Study on Effects of Inventory Sharing on Network Configuration
	Discussion

	Applications in Emerging Areas
	Infrastructure Planning for Electric Vehicles
	Deployment of Energy Storage Devices in the Electric Grid
	Retail Expansion with Demand Learning
	Planning for Trauma Centers for Emergency Medical Services
	Discussion

	Conclusion and Future Directions
	Acknowledgements
	References



