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A facility location problem consists of determining the “best” location for one or
several facilities or equipments in order to serve a set of demand points.

Application Areas:
Telecommunications,
Urban planning,
Layout problems,
Quantitative Marketing,
Logistics,
et cetera.
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Historically, researchers have focused
relatively early on the role of facility
location when designing logistics net-
works.

capacity decisions;
multiple layers of facilities;
multiple products;
multiple objectives;
....
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Abstract

The design of the distribution system is a strategic issue for almost every company. The problem of locating facilities

and allocating customers covers the core topics of distribution system design. Model formulations and solution

algorithms which address the issue vary widely in terms of fundamental assumptions, mathematical complexity and

computational performance. This paper reviews some of the contributions to the current state-of-the-art. In particular,

continuous location models, network location models, mixed-integer programming models, and applications are

summarized.

� 2003 Elsevier B.V. All rights reserved.

Keywords: Strategic planning; Distribution system design; Facility location; Mixed-integer programming models

1. Introduction

Decisions about the distribution system are a strategic issue for almost every company. The problem of

locating facilities and allocating customers covers the core components of distribution system design.

Industrial firms must locate fabrication and assembly plants as well as warehouses. Stores have to be lo-

cated by retail outlets. The ability to manufacture and market its products is dependent in part on the

location of the facilities. Similarly, government agencies have to decide about the location of offices,

schools, hospitals, fire stations, etc. In every case, the quality of the services depends on the location of the

facilities in relation to other facilities.
The problem of locating facilities is not new to the operations research community; the challenge of

where to best site facilities has inspired a rich, colorful and ever growing body of literature. To cope with

the multitude of applications encountered in the business world and in the public sector, an ever expanding

family of models has emerged. Location-allocation models cover formulations which range in complex-

ity from simple linear, single-stage, single-product, uncapacitated, deterministic models to non-linear

*Corresponding author. Address: Institut f€ur Operations Research, Universit€at Z€urich, 8015 Z€urich, Switzerland.
E-mail addresses: andreas.klose@unisg.ch (A. Klose), drexl@bwl.uni-kiel.de (A. Drexl).

0377-2217/$ - see front matter � 2003 Elsevier B.V. All rights reserved.
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a b s t r a c t

Facility location decisions play a critical role in the strategic design of supply chain networks. In this
paper, a literature review of facility location models in the context of supply chain management is given.
We identify basic features that such models must capture to support decision-making involved in stra-
tegic supply chain planning. In particular, the integration of location decisions with other decisions rel-
evant to the design of a supply chain network is discussed. Furthermore, aspects related to the structure
of the supply chain network, including those specific to reverse logistics, are also addressed. Significant
contributions to the current state-of-the-art are surveyed taking into account numerous factors. Supply
chain performance measures and optimization techniques are also reviewed. Applications of facility loca-
tion models to supply chain network design ranging across various industries are presented. Finally, a list
of issues requiring further research are highlighted.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

Facility location is and has been a well established research area
within Operations Research (OR). Numerous papers and books are
witnesses of this fact (see, e.g. [29] and references therein). The
American Mathematical Society (AMS) even created specific codes
for location problems (90B80 for discrete location and assignment,
and 90B85 for continuous location). Nevertheless, the question of
the applicability of location models has always been under discus-
sion. In contrast, the practical usefulness of logistics was never an
issue. One of the areas in logistics which has attracted much atten-
tion is Supply Chain Management (SCM) (see, e.g. [114] and refer-
ences therein). In fact, the development of SCM started
independently of OR and only step by step did OR enter into SCM
(see, e.g. [18]). As a consequence, facility location models have
been gradually proposed within the supply chain context (includ-
ing reverse logistics), thus opening an extremely interesting and
fruitful application domain. There are naturally several questions
which immediately arise during such a development, namely: (i)
What properties does a facility location model have to fulfill to
be acceptable within the supply chain context? (ii) Are there exist-
ing facility location models which already fit into the supply chain
context? (iii) Does SCM need facility location models at all?

As the number of papers has increased tremendously in the last
few years and even the Association of European Operational Re-

search Societies (EURO) has recently devoted a Winter institute
to this topic [35], we felt that the time was ripe to have a review
paper looking exactly at the role of facility location models within
SCM. Before starting the review we briefly define our two main ob-
jects of investigation, namely facility location and SCM.

A general facility location problem involves a set of spatially dis-
tributed customers and a set of facilities to serve customer demands
(see, e.g. [29,90]). Moreover, distances, times or costs between cus-
tomers and facilities are measured by a givenmetric (see [96]). Pos-
sible questions to be answered are: (i) Which facilities should be
used (opened)? (ii) Which customers should be serviced from
which facility (or facilities) so as to minimize the total costs? In
addition to this generic setting, a number of constraints arise from
the specific application domain. For recent reviews on facility loca-
tion we refer to Klose and Drexl [58] and ReVelle et al. [97].

SCM is the process of planning, implementing and controlling
the operations of the supply chain in an efficient way. SCM spans
all movements and storage of raw materials, work-in-process
inventory, and finished goods from the point-of-origin to the
point-of-consumption (see [114] and the Council of Supply Chain
Management Professionals [21]). Part of the planning processes
in SCM aims at finding the best possible supply chain configura-
tion. In addition to the generic facility location setup, also other
areas such as procurement, production, inventory, distribution,
and routing have to be considered (see [20]). Historically, research-
ers have focused relatively early on the design of distribution sys-
tems (see [58] and references therein) but without considering the
supply chain as a whole.

0377-2217/$ - see front matter � 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejor.2008.05.007
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Two aspects of major relevance:

TIME UNCERTAINTY

Time: “amount” of future to consider.

inventory decisions;
capacity adjustments;
opening/closing facilities;
...

Uncertainty: degree and type of knowl-
edge available about future develop-
ments.

demand levels;
capacities;
...
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a b s t r a c t 

Operations Researchers support Supply Chain Management and Supply Chain Planning by developing ad- 

equate mathematical optimization models and providing suitable solution procedures. In this paper we 

discuss what adequate could mean. Therefore, we may ask several questions concerning “optimality” in 

Supply Chain Planning under causal and temporal uncertainty: What is an optimal solution? When is it 

optimal? For how long is it optimal? How should the design of a supply chain be changed when con- 

ditions and requirements ask for new structures? In particular, we discuss new approaches to Supply 

Chain Planning in order to give an optimal transformation from an initial solution over multiple periods 

to a desired one rather than just specifying an optimal snapshot solution. Time and uncertainty are the 

factors triggering the whole discussion. In particular, several flaws often found when dealing with these 

factors result in so-called “time traps”. We look at the impact of recent technological developments like 

the Internet of Things or Industry 4.0 on operational supply chain planning and control, and we show 

how online optimization can help to cope with real-time challenges. Moreover, we re-coin the concept 

of risk in the realm of Supply Chain Planning. Here the question is how to measure supply chain specific 

risks and how to incorporate them “adequately” into mathematical models. 

© 2016 Elsevier B.V. All rights reserved. 

1. Introduction 

Supply Chain Planning—as an important subtask of Supply 

Chain Management—is the process of allocating resources over a 

network of interrelated locations with the goal to satisfy customer 

requirements. It spans all movements and storage of raw materi- 

als, work-in-process inventory, and finished goods from the point- 

of-origin to the point-of-consumption. Operations Researchers sup- 

port Supply Chain Planning by developing mathematical optimiza- 

tion models and providing suitable solution procedures. 

The concept of optimality describes the property of a solution 

which imposes the best feasible decision obtainable under spe- 

cific conditions. These conditions need to be identified, gathered, 

and appropriately expressed by formulating mathematical models, 

which abstract from restrictions of the real world. If models do not 

capture the most relevant features and do not yield to applicable 

tasks or useful managerial insights, their solutions will never be 

∗ Corresponding author at: Institute of Operations Research, Karlsruhe Institute of 

Technology (KIT), Karlsruhe, Germany. Fax: +49 72160843951. 

E-mail addresses: fabian.dunke@kit.edu (F. Dunke), heckmann@fzi.de (I. Heck- 

mann), stefan.nickel@kit.edu (S. Nickel), fsgama@ciencias.ulisboa.pt (F. Saldanha-da- 

Gama). 

regarded as good enough for practical implementation—although 

they are optimal from a strictly mathematical point of view. 

Especially global supply chains have to face a rich variety of 

potential requirements. Not all of them can be considered within 

constraints, but some of them must be respected. Since Supply 

Chain Planning strongly depends on the ability to grasp future 

developments in order to balance supply and demand, the main 

challenge during the identification of important requirements is 

imposed by the weighting and the incorporation of characteris- 

tics that describe the future. Major components of the future are 

time and uncertainty. While the former refers to the “amount”

of future to consider, the latter describes the degree and type 

of knowledge available about future developments. Ignoring an 

appropriate way of dealing with these two aspects—isolated or 

together–leads to what we call “time traps”, which is a term in- 

dicating that the relevance of time is perceived but not adequately 

treated. 

In this paper we claim that the existing optimization models 

for supporting Supply Chain Planning lack to address the future 

appropriately and thus, do not assure that optimal solutions repre- 

sent applicable plans and provide intelligible benefits. We address 

three major topics that overlap with respect to their treatment of 

the future, namely: online optimization models, multi-period plan- 

ning models, and risk-aware models. 

http://dx.doi.org/10.1016/j.ejor.2016.07.016 

0377-2217/© 2016 Elsevier B.V. All rights reserved. 

Uncertainty leads to “risk”.

↓
But what is risk?...
How can we quantify it?...

How to build a “risk-aware” facility
location model?...

Major components of future:

TIME UNCERTAINTY
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Handling short term future uncertainty can be accomplished by online op-
timization.

[Dunke and Nickel, Omega, 2016]
[Dunke and Nickel, CEJOR, 2017]
[Dunke, et al., EJOR, 2018]
[Dunke and Nickel, J Simulation, 2018]

This presentation:

↓
Strategic logistics network design: mid- to long-term future.
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Notation

I set of potential locations for the facilities.

J set of customers/demand points.

fi operation cost for facility i ∈ I.

cij unit transportation cost between facility i ∈ I and customer j ∈ J .

dj demand of customer j ∈ J .

qi capacity of facility i ∈ I.

Francisco Saldanha-da-Gama ORBEL/GOR Joint Annual International Conference, Brussels, September 2018 12
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Decision variables

yi =
{
1, if facility i ∈ I is open;
0, otherwise.

xij = fraction of the demand of customer j ∈ J supplied from facility
i ∈ I.
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The capacitated facility location problem

min
∑
i∈I

fi yi +
∑
i∈I

∑
j∈J

cijdjxij

s.t.
∑
i∈I

xij = 1 j ∈ J∑
j∈J

djxij ≤ qi yi i ∈ I

yi ∈ {0, 1} i ∈ I
xij ≥ 0 i ∈ I, j ∈ J

Francisco Saldanha-da-Gama ORBEL/GOR Joint Annual International Conference, Brussels, September 2018 14
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Multi-period planning

When should we consider time explicitly in a facility location problem?

It is possible and desirable to adapt/change location decisions throughout
time;

We observe changes over time in parameters such as costs and demand
levels and we are able to model those changes;

Other decisions need to be made that require time to be explicitly considered
(e.g. investment, inventory);

Capacity adjustments can be made;

...

[Nickel and Saldanha-da-Gama, LS, 2015]
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Multi-period planning

In (dynamic) facility location problems time is often discretized. Why?

The models are easier to handle...

Typically, decision variables can be associated with the different periods of
the planning horizon.

↓
A mixed-integer mathematical programming model can often be derived.

The organization of the data makes multi-period models more natural.

For instance, we often find or look for daily, weekly or monthly demand
levels.

To a large extent forecasting systems typically work with time periods no
matter their length.

Francisco Saldanha-da-Gama ORBEL/GOR Joint Annual International Conference, Brussels, September 2018 17
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Multi-period planning

Length of a time period?

Is primarily determined by the decisions to be planned.

Depending on the information we have, the length of a time period can be
easily adjusted.

↓
If we have more detailed information we can consider a daily planning;
otherwise we can go into a monthly or yearly planning, for instance.

Francisco Saldanha-da-Gama ORBEL/GOR Joint Annual International Conference, Brussels, September 2018 18
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Multi-period planning

T set of time periods.

Planning horizon:

period 1 period 2 period |T |

There as specific moments for implementing changes/decisions.

Francisco Saldanha-da-Gama ORBEL/GOR Joint Annual International Conference, Brussels, September 2018 19
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Modeling aspects

Adequate model?

[Current et al., EJOR, 1997]:

Implicit dynamic (multi-period) problem.

All facilities opened at the beginning of the planning horizon.
The selected locations account for the effect of the time dependent param-
eters.

Explicit dynamic (multi-period) problem.

Facilities are opened and/or closed throughout the planning horizon.
A plan is devised for opening/closing facilities at specific times and locations
in response to changes in parameters over time.

Francisco Saldanha-da-Gama ORBEL/GOR Joint Annual International Conference, Brussels, September 2018 21
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Implicit multi-period location

Parameters:

djt demand of customer j ∈ J in period t ∈ T .

cijt unit transportation cost between facility i ∈ I and customer j ∈ J in period
t ∈ T .

fi fixed cost associated with facility i ∈ I.

Decision variables:

xijt = fraction of the demand of customer j ∈ J in period t ∈ T supplied
from facility i ∈ I.

yi =
{
1, if facility i ∈ I is installed;
0, otherwise.
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Implicit multi-period location

min
∑
i∈I

fi yi +
∑
i∈I

∑
j∈J

∑
t∈T

cijtdjtxijt

s.t.
∑
i∈I

xijt = 1 j ∈ J , t ∈ T∑
j∈J

djtxijt ≤ qi yi i ∈ I, t ∈ T

yi ∈ {0, 1} i ∈ I
xijt ≥ 0 i ∈ I, j ∈ J , t ∈ T
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Explicit multi-period location

Parameters:

djt demand of customer j ∈ J in period t ∈ T .

cijt unit transportation cost between facility i ∈ I and customer j ∈ J in period
t ∈ T .

fit cost for operating facility i ∈ I in period t ∈ T .

Decision variables:

xijt = fraction of the demand of customer j ∈ J supplied from facility
i ∈ I in period t ∈ T .

yit =
{
1, if facility i ∈ I is open in period t ∈ T ;
0, otherwise.
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Explicit multi-period location

min
∑
i∈I

∑
t∈T

fityit +
∑
i∈I

∑
j∈J

∑
t∈T

cijtdjtxijt

s.t.
∑
i∈I

xijt = 1 j ∈ J , t ∈ T∑
j∈J

djtxijt ≤ qi yit i ∈ I, t ∈ T

yit ∈ {0, 1} i ∈ I, t ∈ T
xijt ≥ 0 i ∈ I, j ∈ J , t ∈ T
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Explicit multi-period location

min
∑
i∈I

∑
t∈T

fityit +
∑
i∈I

∑
j∈J

∑
t∈T

cijtdjtxijt

s.t.
∑
i∈I

xijt = 1 j ∈ J , t ∈ T∑
j∈J

djtxijt ≤ qi yit i ∈ I, t ∈ T

yit ∈ {0, 1} i ∈ I, t ∈ T
xijt ≥ 0 i ∈ I, j ∈ J , t ∈ T
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Explicit multi-period location — A phase-in problem

min
∑
i∈I

∑
t∈T

fityit +
∑
i∈I

∑
j∈J

∑
t∈T

cijtdjtxijt

s.t.
∑
i∈I

xijt = 1 j ∈ J , t ∈ T∑
j∈J

djtxijt ≤ qi yit i ∈ I, t ∈ T

yit ≤ yi,t+1 i ∈ I, t = 1, . . . , |T | − 1
yit ∈ {0, 1} i ∈ I, t ∈ T
xijt ≥ 0 i ∈ I, j ∈ J , t ∈ T
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Explicit multi-period location — Phase-in/phase-out

I = Ic ∪ Io .

Ic = set of locations where (existing) facilities can be removed.

Io = set of locations where new facilities can be installed.
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Explicit multi-period location — Phase-in/Phase-out

min
∑
i∈I

∑
t∈T

fityit +
∑
i∈I

∑
j∈J

∑
t∈T

cijtdjtxijt

s.t.
∑
i∈I

xijt = 1 j ∈ J , t ∈ T∑
j∈J

djtxijt ≤ qi yit i ∈ I, t ∈ T

yit ≤ yi,t+1 i ∈ Io , t = 1, . . . , |T | − 1
yit ≥ yi,t+1 i ∈ Ic , t = 1, . . . , |T | − 1
yit ∈ {0, 1} i ∈ I, t ∈ T
xijt ≥ 0 i ∈ I, j ∈ J , t ∈ T
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Explicit multi-period location — Reformulation

yit =
{
1, if facility i ∈ I is open in period t ∈ T ;
0, otherwise.

Alternative [Van Roy and Erlenkotter, Mgmt Sci, 1982]:

i ∈ Io , t ∈ T

zit =
{
1 if facility i is installed at the beginning of period t
0 otherwise.

i ∈ Ic , t = 1, . . . , |T | − 1

zit =
{
1 if facility i is removed at the end of period t
0 otherwise.

STEP versus IMPULSE variables [Albareda-Sambola et al., TOP, 2010]
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An explicit multi-period phase-in location problem with service level

In many logistics applications, a service level below 100% is acceptable or even
desirable.

But...it is usually not for “free”...

vjt proportion of the demand of customer j ∈ J in period t ∈ T that is
unfulfilled.

rjt unit cost for unfulfilled demand of customer j ∈ J in period t ∈ T .
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An explicit multi-period phase-in location problem with service level

min
∑
i∈I

fityit +
∑
t∈T

∑
j∈J

∑
i∈I

djtcijtxijt +
∑
t∈T

∑
j∈J

djtrjtvjt

s.t.
∑
i∈I

xijt + vjt = 1 j ∈ J , t ∈ T∑
j∈J

djtxijt ≤ qi yit i ∈ I, t ∈ T

yit ≤ yi,t+1 i ∈ I, t = 1, . . . , |T | − 1
yit ∈ {0, 1} i ∈ I, t ∈ T
xijt ≥ 0 i ∈ I, j ∈ J , t ∈ T
vjt ≥ 0 j ∈ J , t ∈ T

Francisco Saldanha-da-Gama ORBEL/GOR Joint Annual International Conference, Brussels, September 2018 33



Introduction
Multi-period facility location
Stochastic facility location

Conclusions

Motivation
Implicit versus explicit multi-period facility location
Inclusion of service level
The value of a multi-period solution

An explicit multi-period phase-in location problem with service level

[Castro et al., Math Prog, 2017]

Consider values p1 ≤ p2 ≤ . . . ≤ p|T | ≤ |I| to capture a “maximum speed”
for making adjustments in the set of operating facilities:∑

i∈I

yit ≤ pt , t ∈ T

Discuss the meaning of service level in a multi-period context:

Global service level: GSL =
∑

t∈T

∑
i∈I

∑
j∈J

djt xijt∑
t∈T

∑
j∈J

djt
.

Average service level: ASL = 1
|T |
∑

t∈T SL(t), SL(t) =

∑
j∈J

∑
i∈I

djt xijt∑
j∈J

djt
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An explicit multi-period phase-in location problem with service level

[Castro et al., Math Prog, 2017]

Develop a Benders decomposition.

A specialized interior-point method for linear programming problems with
a block-angular structure is customized for solving the benders linear sub-
problems.

Instances with up to 3 periods, 200 locations and 1.000.000 customers are
solved to optimality.
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An explicit multi-period phase-in location problem with service level

min
∑
i∈I

fityit +
∑
t∈T

∑
j∈J

∑
i∈I

djtcijtxijt +
∑
t∈T

∑
j∈J

djtrjtvjt

s.t.
∑
i∈I

xijt + vjt = 1 j ∈ J , t ∈ T∑
j∈J

djtxijt ≤ qi yit i ∈ I, t ∈ T

yit ≤ yi,t+1 i ∈ I, t = 1, . . . , |T | − 1
yit ∈ {0, 1} i ∈ I, t ∈ T
xijt ≥ 0 i ∈ I, j ∈ J , t ∈ T
vjt ≥ 0 j ∈ J , t ∈ T
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An explicit multi-period phase-in location problem with service level

min
∑
i∈I

fityit +
∑
t∈T

∑
j∈J

∑
i∈I

[cijt − rjt ] djtxijt

s.t.
∑
i∈I

xijt ≤ 1 j ∈ J , t ∈ T∑
j∈J

djtxijt ≤ qi yit i ∈ I, t ∈ T

yit ≤ yi,t+1 i ∈ I, t = 1, . . . , |T | − 1
yit ∈ {0, 1} i ∈ I, t ∈ T
xijt ≥ 0 i ∈ I, j ∈ J , t ∈ T

rjt can be looked as as the unit revenue for selling to customer j ∈ J in period
t ∈ T .
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Relevance of a multi-period modeling framework

How relevant is it to consider a multi-period modeling framework instead of a
(more simplified) static one?

Suppose that we have the possibility of making a static location decision even
with costs, demands and possibly other parameters varying over time.

Is it still worth considering a multi-period modeling framework?

An answer to this question can be given by the value of the multi-period solution.

[Alumur et al., EJOR, 2012]

[Nickel and Saldanha-da-Gama, LS, 2015].
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Relevance of a multi-period modeling framework

Definition

The value of the multi-period solution is difference between the optimal value of
the multi-period problem and the value of a (static) solution found by solving a
static counterpart.

Definition

A static counterpart is a problem that takes into account the information avail-
able for the planning horizon and looks for a static (time-invariant) solution in
terms of the location of the facilities.
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Relevance of a multi-period modeling framework

Methodology:

Find a static counterpart and solve it optimally;

Check whether the resulting location decisions are feasible to the multi-
period problem.

↓
√

Set such solution for all periods of the planning horizon.
√

The difference between its value and the optimal value of the multi-period
problem gives the value of the multi-period solution.
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Relevance of a multi-period modeling framework

A static counterpart can be obtained by imposing that the status of a location
does not change during the planning horizon.

→ Implicit multi-period location...

min
∑

i∈I

fit yit +
∑

i∈I

∑
j∈J

∑
t∈T

cijt djt xijt

s.t.
∑

i∈I

xijt = 1 j ∈ J, t ∈ T

∑
j∈J

djt xijt ≤ qi yit i ∈ I, t ∈ T

yit ≤ yi,t+1, i ∈ Io
, t = 1, . . . , |T | − 1

yit ≥ yi,t+1, i ∈ Ic
, t = 1, . . . , |T | − 1

yit ∈ {0, 1} i ∈ I, t ∈ T
xijt ≥ 0 i ∈ I, j ∈ J, t ∈ T

min
∑

i∈I

∑
t∈T

fit yi +
∑

i∈I

∑
j∈J

∑
t∈T

cijt djt xijt

s.t.
∑

i∈I

xijt = 1 j ∈ J, t ∈ T

∑
j∈J

djt xijt ≤ qi yi i ∈ I, t ∈ T

yi ∈ {0, 1} i ∈ I
xijt ≥ 0 i ∈ I, j ∈ J, t ∈ T
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Relevance of a multi-period modeling framework

A static counterpart can be obtained by imposing that the status of a location
does not change during the planning horizon.

→ Implicit multi-period location...

min
∑

i∈I

fit yit +
∑

i∈I

∑
j∈J

∑
t∈T

cijt djt xijt

s.t.
∑

i∈I

xijt = 1 j ∈ J, t ∈ T

∑
j∈J

djt xijt ≤ qi yit i ∈ I, t ∈ T

yit ≤ yi,t+1, i ∈ Io
, t = 1, . . . , |T | − 1

yit ≥ yi,t+1, i ∈ Ic
, t = 1, . . . , |T | − 1

yit ∈ {0, 1} i ∈ I, t ∈ T
xijt ≥ 0 i ∈ I, j ∈ J, t ∈ T

min
∑

i∈I

Fi yi +
∑

i∈I

∑
j∈J

∑
t∈T

cijt djt xijt

s.t.
∑

i∈I

xijt = 1 j ∈ J, t ∈ T

∑
j∈J

djt xijt ≤ qi yi i ∈ I, t ∈ T

yi ∈ {0, 1} i ∈ I
xijt ≥ 0 i ∈ I, j ∈ J, t ∈ T
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Dealing with uncertainty

Common sources of uncertainty in facility location problems emerging in the
context of logistics network design:

demands capacities costs/revenues

For the moment we consider deterministic and time-invariant costs/revenues.

We assume that uncertainty is fully captured by a finite set of scenarios, S.

We first focus on stochastic demand and then we include uncertainty in capaci-
ties.

Francisco Saldanha-da-Gama ORBEL/GOR Joint Annual International Conference, Brussels, September 2018 45



Introduction
Multi-period facility location
Stochastic facility location

Conclusions

An implicit multi-period stochastic facility location problem
Measuring effectiveness
Uncertain capacity — exposition to disruptions
The relevance of the stochastic model
A small example
A multi-stage extension

Notation

Sets
I set of potential locations for the facilities.
J set of customers.
T set of periods in the planning horizon.
S set of scenarios describing the uncertainty.

Costs/revenues
fi fixed cost for facility i ∈ I.
cij unit transportation costs between location i ∈ I and customer j ∈ J .
rj unit revenue associated with customer j ∈ J .

Other parameters
qi capacity of a facility operating at i ∈ I.
djts demand of customer j ∈ J in period t ∈ T under scenario s ∈ S.
πs probability of scenario s ∈ S.
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A first model capturing stochasticity

xijts = fraction of the demand of customer j ∈ J in period t ∈ T under
scenario s ∈ S supplied from facility i ∈ I.

min
∑
i∈I

fi yi +
∑
s∈S

πs

(∑
t∈T

∑
i∈I

∑
j∈J

(cij − rj )djtsxijts

)
s.t.

∑
i∈I

xijts ≤ 1 j ∈ J , t ∈ T , s ∈ S∑
j∈J

djtsxijts ≤ qi yi i ∈ I, t ∈ T , s ∈ S

yi ∈ {0, 1} i ∈ I
xijts ≥ 0 i ∈ I, j ∈ J , t ∈ T , s ∈ S
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Comments

So far we have been concerned only about costs → system efficiency.

Is this enough in practice?

What is the function of such a system?

↓ ↓
Supply the customers!

What is missing?

An effectiveness measure!
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Stochastic demand

We can make use of the service level for measuring effectiveness.

But... how to do it under uncertainty?...

By setting a desirable threshold for the global service level.

↓
Target service level!

α0 target service level.

h unit cost or financial penalty for staying below the target service level.
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Embedding a target service level

Additional decision variables:

αs = service level achieved under scenario s ∈ S.

∆s = service level reduction w.r.t. the target under scenario s ∈ S.

vjts = proportion of unsupplied demand of customer j ∈ J in period t ∈ T
under scenario s ∈ S.

For every s ∈ S we have:

αs = 1−
∑

j∈J

∑
t∈T djtsvjts∑

j∈J

∑
t∈T djts

∆s = max{0, α0 − αs}
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Embedding a target service level

min
∑
i∈I

fi yi +
∑
s∈S

πs

(
h ∆s +

∑
t∈T

∑
i∈I

∑
j∈J

(cij − rj )djtsxijts

)
s.t.

∑
i∈I

xijts + vjts = 1 j ∈ J , t ∈ T , s ∈ S∑
j∈J

djtsxijts ≤ qi yi i ∈ I, t ∈ T , s ∈ S

∆s ≥ α0 −
(
1−

∑
j∈J

∑
t∈T djtsvjts∑

j∈J

∑
t∈T djts

)
s ∈ S

yi ∈ {0, 1} i ∈ I
xijts ≥ 0 i ∈ I, j ∈ J , t ∈ T , s ∈ S
vjts ≥ 0 j ∈ J , t ∈ T , s ∈ S
∆s ≥ 0 s ∈ S
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Capacity disruption

Uncertainty in capacities typically occurs due to some disruption:

strike;
natural disaster;
man-made disaster (e.g. terrorist attack);
machine failure;
short circuit;
...

In terms of our modeling setting this corresponds to a reduction in the capacity.
√

Assume that we can identify a set of scenarios in terms of one or several
disruptive triggers and their impact in the operating capacity of the facilities.

√
If we combine each of these scenarios with each scenario already in S we
obtain an extended set of scenarios each defining all the uncertain parame-
ters.
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“Extended scenarios”

Capacity
Demand

Planning horizon

Capacity
Demand

Planning horizon

Capacity
Demand

Planning horizon

Capacity
Demand

Planning horizon
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Anticipating capacity reductions

Uncertainty in capacity can be anticipated by considering options for temporary
capacity expansions.

↓
Here-and-now decision.

↓
A company should decide in advance about possibilities that may need to be
activated in case some disruption occurs: preparedness measures.
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Additional notation

Parameters driven by possible disruptions:

γits proportion of the operational capacity of facility i ∈ I in period t ∈ T that
is available under scenario s ∈ S.

Parameters associated with the preparedness measures:

gi fixed costs associated with an option contracted for facility i ∈ I in order
to assure a temporary capacity expansion if necessary.

L set of capacity expansion levels available.
Each level determines some (temporary) increase in the operational capac-
ity of a facility.

b` unit cost associated with capacity expansion ` ∈ L.

k` amount of extra capacity associated with capacity expansion ` ∈ L.
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A model for capacity recovery

Additional decision variables:

zi =
{
1, if a capacity expansion option is contracted for facility i ∈ I;
0, otherwise.

wit`s =


1, if expansion level ` ∈ L is used at facility i ∈ I in period t ∈ T

under scenario s ∈ S;
0, otherwise.
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A model for capacity recovery

min
∑
i∈I

(fi yi + gi zi ) +
∑
s∈S

πs

[
h ∆s +

∑
i∈I

∑
`∈L

(
b`k`

∑
t∈T

wit`s

)

+
∑
t∈T

∑
i∈I

∑
j∈J

(cij − rj )djtsxijts

]

s.t.
∑
i∈I

xijts + vjts = 1 j ∈ J , t ∈ T , s ∈ S∑
j∈J

djtsxijts ≤ γitsqi yi +
∑
`∈L

k`wit`s i ∈ I, t ∈ T , s ∈ S

zi ≤ yi i ∈ I
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A model for capacity recovery

s.t.
∑
`∈L

wit`s ≤ zi i ∈ I, t ∈ T , s ∈ S

∆s ≥ α0 −
(
1−

∑
j∈J

∑
t∈T djtsvjts∑

j∈J

∑
t∈T djts

)
s ∈ S

xijts ≥ 0 i ∈ I, j ∈ J , t ∈ T , s ∈ S
yi ∈ {0, 1} i ∈ I
vjts ≥ 0 j ∈, t ∈ T , s ∈ S
∆s ≥ 0 s ∈ S
zi ∈ {0, 1} i ∈ I
wit`s ∈ {0, 1} i ∈ I, ` ∈ L, s ∈ S
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Model features

The previous stochastic facility location model makes use of all ingredients un-
derlying a recent definition of supply chain risk:

Definition (Heckmann et al., 2018)

Supply chain risk is the time-dependent potential loss for a supply chain in terms
of its target values of profitability and functionality evaluated by the decision’s
maker risk attitude and evoked by uncertain changes of the supply chain and its
processes caused by the occurrence of triggering events.

The model can be looked at as a risk-aware capacitated facility location problem.
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Model features

Main elements underlying supply chain risk:
√

time dependency (e.g., disruption profiles);
√

risk objective (efficiency and effectiveness);
√

risk attitude (risk neutral?...);
√

risk exposition (specified by disruptive triggers).

More details:

[Heckmann et al., Omega, 2015]
[Dunke et al., EJOR, 2018]
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Model relevance

Is the increased complexity of the presented model compensated by the additional
insights provided by the resulting solutions?....

Value of the stochastic solution?

The expected value of the perfect information?

Do these values measure the relevance of considering risk?

No!
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Model relevance

How to compute a relevant measure?

↓
The single-scenario model does not represent the problem we need to solve if we
know the future!
√

If we know the future, it makes no sense to buy options!
√

If we know the future, the service level is not uncertain and thus setting a
desirable target makes no sense.

What is an adequate deterministic counterpart to our risk-aware model?....
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Model relevance

Adequate single-scenario model (for a scenario s):

min
∑
i∈I

fi yi +
∑
t∈T

∑
j∈J

ĥdjtsvjts +
∑
t∈T

∑
i∈I

∑
j∈J

(cij − rj )djtsxijts

s.t.
∑
i∈I

xijts + vjts = 1 j ∈ J , t ∈ T∑
j∈J

djtsxijts ≤ γitsqi yi i ∈ I, t ∈ T

yi ∈ {0, 1} i ∈ I
xijts ≥ 0 i ∈ I, j ∈ J , t ∈ T

Using this model we can compute formulas similar to those used for VSS and
EVPI and thus quantify the relevance of capturing stochasticity in our case.
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A small example
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Optimal solution

Both facilities are open: y1 = y2 = 1.
Expansion options are bought for both facilities: z1 = z2 = 1.

Time period Service
1 2 3 4 5 6 7 8 9 10 11 12 level

Scenario 1
k` × w1t`1 2 2 2 2
k` × w2t`1 5 5 2 2 2∑

j∈J vjt1 1 2.0 0.5
α1 0.98
Scenario 2
k` × w1t`1 5 5 5 10 5 5 5 5 5 2 5 2
k` × w2t`1 2 5 10 5 10 10 5 5 5 5 2 5∑

j∈J vjt2 3 4 2.5 1 3 1.5 1.5
α2 0.95
Scenario 3
k` × w1t`1
k` × w2t`1∑

j∈J vjt3

α3 1.00
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The value of a risk-aware solution

Scenario 1 Scenario 2 Scenario 3
Capacity and de-
mand profiles
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α1 = 0.76 α2 = 0.78 α3 = 1.00
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The value of a risk-aware solution
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α1 = 0.76 α2 = 0.78 α3 = 1.00
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α1 = 0.95, α2 = 0.949, α3 = 0.95
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The value of a risk-aware solution

Stochastic model
Facilities costs Scenario 1 Scenario 2 Scenario 3

Operation 2500 2500 2500
Expansion 450 1380 300

Total 2950 3380 2800
Optimal value 3147

Single scenario problems
Facilities costs Scenario 1 Scenario 2 Scenario 3

Operation 1000 2500 2500
Expansion 0 0 0

Total 1000 2500 2500
Optimal value 2725 6100 2500

0.1× 2725 + 0.3× 6100 + 0.6× 2500− 3147 = 455, 5
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A multi-stage stochastic programming model

min
∑
s∈S

πs

[∑
i∈I

∑
t∈T

(fityits + gitzits) + h0∆0
s +
∑
t∈T

ht∆st

+
∑
i∈I

∑
`∈L

(
b`k`

∑
t∈T

wit`

)
+
∑
t∈T

∑
i∈I

∑
j∈J

(cij − rj )djtsxijts

]

s.t. yi1s = yi11 s ∈ S \ {1}
zi1s = zi11 s ∈ S \ {1}
zits ≤ yits i ∈ I, t ∈ T , s ∈ S
yits ≥ yi,t−1,s i ∈ I, t ∈ T \ {1}, s ∈ S
zits ≥ zi,t−1,s i ∈ I, t ∈ T \ {1}, s ∈ S

Francisco Saldanha-da-Gama ORBEL/GOR Joint Annual International Conference, Brussels, September 2018 74



Introduction
Multi-period facility location
Stochastic facility location

Conclusions

An implicit multi-period stochastic facility location problem
Measuring effectiveness
Uncertain capacity — exposition to disruptions
The relevance of the stochastic model
A small example
A multi-stage extension

A multi-stage stochastic programming model

s.t.
∑
i∈I

xijts + vjts = 1 j ∈ J , t ∈ T , s ∈ S∑
j∈J

djtsxijts ≤ γitsqi yits +
∑
`∈L

k`wit`s i ∈ I, t ∈ T , s ∈ S

∑
`∈L

wit`s ≤ zits i ∈ I, t ∈ T , s ∈ S

∆ts ≥ αt −
(
1−

∑
j∈J djtsvjts∑

j∈J djts

)
t ∈ T , s ∈ S

∆0
s ≥ α0 −

(
1−

∑
j∈J

∑
t∈T djtsvjts∑

j∈J

∑
t∈T djts

)
s ∈ S

Domain constraints: xijts , yits , vjts , ∆0
s , ∆ts , zits , wit`s
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Aspects that have been less treated in the literature:

The explicit use of service level in the context of multi-period location;

Rolling horizon planning;

The value of the multi-period solution;

The quantification of risk in facility location problems;

A more comprehensive quantification of the attitude of the decision maker
towards risk.

Et cetera.
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