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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:

m Telecommunications,

m Urban planning,

m Layout problems,
Quantitative Marketing,
Logistics,

et cetera.
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researchers have focused

relatively early on the role of facility
location when designing logistics net-
works.
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capacity decisions;
multiple layers of facilities;
multiple products;

multiple objectives;
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A prototype problem
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m 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]

m This presentation:

!

Strategic logistics network design: mid- to long-term future.
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set of potential locations for the facilities.

set of customers/demand points.

operation cost for facility i € /.

unit transportation cost between facility i € / and customer j € J.

demand of customer j € J.

capacity of facility 7 € /.

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



1, if facility i € I is open;

= {0, otherwise.

x;j = fraction of the demand of customer j € J supplied from facility
iel



min

s.t.

Z fiyi + Z Z Cijdjxij

i€l i€l jeJ

> x=1 jeJd

iel
Z dixj < qiyi i€l
Jjed
yi € {0,1} iel
xj >0 icl jed
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Multi-period planning

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

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

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

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

m 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?
m 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.

m 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.

m 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?

m Is primarily determined by the decisions to be planned.

m 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.
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T set of time periods.

Planning horizon:

period 1 period 2

period | T|

There as specific moments for implementing changes/decisions.



Introduction
Facility location problems
Some relevant features in the context of logistics network design
A prototype problem

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

Stochastic facility location
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

Conclusions



Introduction Motivation

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

Modeling aspects

Adequate model?
[Current et al., EJOR, 1997]:
m 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.

m 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.
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Implicit multi-period location

Parameters:

dir demand of customer j € J in period t € T.

Cjir  unit transportation cost between facility i € [ and customer j € J in period
teT.

f;  fixed cost associated with facility i € /.
Decision variables:

xjc = fraction of the demand of customer j € J in period t € T supplied
from facility i € .

1, if facility i € I is installed;

0, otherwise.
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Z fiyi + Z Z Z Cijedje Xije

i€l i€l jeJ teT
ZXiﬁ-Zl jerteT
i€l
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Explicit multi-period location

Parameters:

di; demand of customer j € J in period t € T.

Cjir  unit transportation cost between facility i € [ and customer j € J in period
teT.

fi  cost for operating facility i € / in period t € T.
Decision variables:

xjc = fraction of the demand of customer j € J supplied from facility
i€linperiodteT.

1, if facility i € I is open in period t € T;
0, otherwise.
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min Z Z fieyie + Z Z Z Cije e Xijt

iel teT iel jelJ teT
st > xp=1 jed teT
iel
ZdjtxijtSQiyit ielbteT
jed
yie €{0,1} iel,teT
Xjje > 0 iel,jeld teT
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Explicit multi-period location

min Z Z f;ty,-f + Z Z Z Cijtd/'txijt

iel teT iel jed teT
s.t. Zx,-jtzl jeJ teT
iel
Zdjtxijt < qiyit iel,teT
jed
yir € {0,1} iel,teT
xjt > 0 ieljed teT
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Explicit multi-period location — A phase-in problem

min Z Z f;'tyit + Z Z Z Cijtdthijt

iel teT i€l jeJ teT

s.t.

Francisco Saldanha-da-Gama

Zx,ﬁ =1

iel
Z diexije < qiyit
jed

Yit < Yit+1

yir €{0,1}

Xje > 0

jed, teT

iel,teT

iel,t=1,...,|T|-1
iel,teT
iel,jeld, teT
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Explicit multi-period location — Phase-in/phase-out

/ = [lFul.
I° = set of locations where (existing) facilities can be removed.
I° = set of locations where new facilities can be installed.
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Explicit multi-period location — Phase-in/Phase-out

min

s.t.
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Z Z f;'tyit + Z Z Z Cijtdthijt

iel teT iel jed teT

Zx,-jtzl jeJ teT

iel

Zdjtxijt < qiyit icl teT

j€J

yitgyi,H»l ielovt:]ﬂ"w‘T‘il
y,-tzy,-,tﬂ ie/c,t:].,..,7|T|—1
yie € {0,1} iel,teT

Xt > 0 iel,jeld, teT
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Explicit multi-period location — Reformulation

1, if facility i € I is open in period t € T;
Yit = .
0, otherwise.

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

1 if facility / is installed at the beginning of period t
Zit =
' 0 otherwise.

icl t=1,...,|T| -1

1 if facility 7 is removed at the end of period t
Zit —
‘ 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"...

vjr  proportion of the demand of customer j € J in period t € T that is
unfulfilled.

rie  unit cost for unfulfilled demand of customer j € J in period t € T.

Francisco Saldanha-da-Gama ORBEL/GOR Joint Annual International Conference, Brussels, September 2018
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An explicit multi-period phase-in location problem with service level

min Z fieyie + Z Z Z di Cije Xije + Z Z djt e Vje

iel teT jed iel teT jed
s.t. ZXijt“ert:l jed, teT

iel

ZdthijtSqiyit iel teT

jed

Yie < Yije+1 iel,t=1,...,|T|-1

yie € {0,1} iel,teT

Xjt >0 ieljed teT

vie >0 jed, teT
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An explicit multi-period phase-in location problem with service level

[Castro et al., Math Prog, 2017]

m Consider values p1 < p» < ... < pj7; < |/] to capture a “maximum speed”
for making adjustments in the set of operating facilities:

Zy/tﬁp:, teT

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

dinxi
ZtET ZiEIZjEJ it

Global service level: GSL =
teT Zje_j It

ZJ'GJ Zie/ dieiie

4
jes It

Average service level: ASL = ﬁ D oer SL(E), sty
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An explicit multi-period phase-in location problem with service level

[Castro et al., Math Prog, 2017]

m 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 Z fieyie + Z Z Z di Cije Xije + Z Z djt e Vje

iel teT jed iel teT jed
s.t. ZXijt“ert:l jed, teT

iel

Zczgtxurﬁquit iel teT

jed

Yie < Yije+1 iel,t=1,...,|T|-1

yie € {0,1} iel,teT

Xjt >0 ieljed teT

vie >0 jed, teT
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An explicit multi-period phase-in location problem with service level

min Z fieyie + Z Z Z [cije — rje] djexije

iel teT jed iel
s.t. Zx,-ﬁgl jed teT
iel
Zdjtxijt < qiyit iel,teT
Jjed
Yie < Vi1 ielt=1,...,]T| -1
yie € {0,1} iel,teT
xijt >0 ieljeld teT

rig  can be looked as as the unit revenue for selling to customer j € J in period
teT.
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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:

m Find a static counterpart and solve it optimally;

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

1

v/ Set such solution for all periods of the planning horizon.

v/ The difference between its value and the optimal value of the multi-period
problem gives the value of the multi-period solution.

Francisco Saldanha-da-Gama ORBEL/GOR Joint Annual International Conference, Brussels, September 2018 41
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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 E fft}/r‘rJrE E E Cije djt Xijt

i€l iel jedJ

s.t. E Xjjt = 1

iel

E dthijr < qiyit
jed
yie < Yit+1,
Yit 2 Yijt+1,

yie € {0,1}
Xijt 2 0

Francisco Saldanha-da-Gama

min E E fit}’iJrE E E Cijt dje Xijt

teT iel teT iel jelJ teT
jeEJ, teT s.t. E xjr =1 jeEJ, teT
iel
ielteT E diexije < qiyi i€, teT
JjeJ
ielf,t=1,...,|T| -1 yi € {0,1} iel
i€l t=1,...,|T| -1 xjje > 0 i€l jed, teT
iel,teT

icl,jed, teT
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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 E fft}/r‘rJrE E E Cije djt Xijt

jed

i€l iel
s.t. E Xjjt = 1

iel

E dthijr < qiyit

jed

Yit < Yijt+1,
Yit 2 Yijt+1,
vie € {0,1}
Xjje > 0
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min E Fi}’iJrE E E Cije dje Xijt

teT i€l iel jelJ teT
jeEJ, teT s.t. E xjr =1 jeEJ, teT
iel
ielteT E dixe < qiy; (€1, t€T
JjeJ
ielf,t=1,...,|T| -1 yi € {0,1} iel
i€l t=1,...,|T| -1 xjje > 0 i€l jed, teT
iel,teT

icl,jed, teT
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Dealing with uncertainty

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

m Common sources of uncertainty in facility location problems emerging in the

context of logistics network design:

demands capacities costs/revenues

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

m 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.
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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
f;  fixed cost for facility i € /.
cj  unit transportation costs between location i € | and customer j € J.
rj  unit revenue associated with customer j € J.
Other parameters
gi  capacity of a facility operating at i € .
djts demand of customer j € J in period t € T under scenario s € S.

ms  probability of scenario s € S.
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A multi-stage extension

A first model capturing stochasticity

fraction of the demand of customer j € J in period t € T under
scenario s € S supplied from facility i € /.

Xijts =

min Zf,-y,-—i—Zﬂs ZZZ(CU—U)djtSXUts

iel seSs teT iel jeJ
st Y X <1 jed teT,ses
iel
D dixis <aqyi i€l teT, seS
Jjed
yi€{0,1} iel
Xijts > 0 ieljeld teT,seS
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Comments

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

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

Is this enough in practice?

What is the function of such a system?

+ 3

Supply the customers!

What is missing?

An effectiveness measure!
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A multi-stage extension

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!

o’  target service level.

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

Francisco Saldanha-da-Gama ORBEL/GOR Joint Annual International Conference, Brussels, September 2018 50



An implicit multi-period stochastic facility location problem

Introduction Measuring effectiveness
Multi-period facility location Uncertain capacity — exposition to disruptions
Stochastic facility location The relevance of the stochastic model
Conclusions A small example

A multi-stage extension

Embedding a target service level

Additional decision variables:

as = service level achieved under scenario s € S.
A; = service level reduction w.r.t. the target under scenario s € S.
Viis =  proportion of unsupplied demand of customer j € J in period t € T

under scenario s € S.

For every s € S we have:

_ ZJEJ Zter djts Vjts
ZJ'GJ ZteT djts

as=1

A = max{0, ol - as}
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A multi-stage extension

Embedding a target service level

min Z fyi + Zws hAs + Z Z Z(CU — 1j) djs Xijes

iel ses teT iel jed
s.t. Zx;jrs+\/jts:1 jeEJ, teT,se$s
iel
Zdjtsxijts < qiyi iel,teT,ses
Jjed
. d'tV't
A >’ — leJEJZtET i ses
ZjEJZtGdetS
yi €1{0,1} iel
Xiits > 0 iel,jeld,teT,seS
Vjts > 0 jEJ, teT,ses
A >0 ses
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Capacity disruption

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

Uncertainty in capacities typically occurs due to some disruption:

strike;
natural disaster;

machine failure;
short circuit;

man-made disaster (e.g. terrorist attack);

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

v/ 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.

v/ 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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Anticipating capacity reductions

Uncertainty in capacity can be anticipated by considering options for temporary

capacity expansions.

]

Here-and-now decision.

l

A company should decide in advance about possibilities that may need to be

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

activated in case some disruption occurs: preparedness measures.
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A multi-stage extension

Additional notation

Parameters driven by possible disruptions:
~its proportion of the operational capacity of facility / € 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 € / 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.

bs  unit cost associated with capacity expansion £ € L.

ke amount of extra capacity associated with capacity expansion ¢ € L.
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A model for capacity recovery

Additional decision variables:

Zj

0, otherwise.

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

1, if a capacity expansion option is contracted for facility i € I;

1, if expansion level £ € L is used at facility i € | in period t € T

Wites = under scenario s € S;

0, otherwise.
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A multi-stage extension

A model for capacity recovery

min Z(ﬁy;—s—g;z,-)—s—z:ﬂs hAs+ZZ b[k[ZWft[is

iel seS iel telL teT

+ Z Z Z(Cij — 17)djes Xiits

teT iel jeJ

s.t. Zx,-jtervjts:l jEJ teT,seS
icl
Zdjtsxijts < Yiesqiyi + Z kewites ielteT,se$
jed leL
zi <y iel
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s.t. Z Wites S Zj

Lel

Aszao—(l—

Xijts >0

yi € {0,1}
Vits >0

As >0

z € {0,1}
wires € {0,1}

ZJGJ Zter djts Vits

ZjeJ ZtET djts

)

iel,teT,ses

ses

iel,jedJ,teT,se$S
iel

jJE,tET, seSs

ses

iel
iel,tel,se$S
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Model features

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

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

Defin

ion (Heckmann et al., 20

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

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

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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A multi-stage extension

Model relevance

Is the increased complexity of the presented model compensated by the additional

m Value of the stochastic solution?

m 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!

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

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

v/ If we know the future, the service level is not uncertain and thus setting a

desirable target makes no sense.
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A multi-stage extension

Model relevance

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

min Z fiyi + Z Z hdjes vies + Z Z Z(Cij — 1j)djes Xijes

iel teT jeJ teT iel jeJ
s.t. ZXUtSJFVjts:l jed, teT

icl

Z disXijis < YiesqQiyi €1, te€ T

jed

yi € {0,1} icl

Xjis > 0 icljed teT

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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Both facilities are open: y1 = y» = 1.

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

Expansion options are bought for both facilities: z; = z = 1.

Scenario 1
ke X wier
ke X waren
Zje JVieL
[231
Scenario 2
ke X wier
ke X waeer
Zjel Vijez
a
Scenario 3
ke X wieen
ke X waeer

jes Vits
az

Time period Service
2 3 4 5 6 7 8 9 10 11 12 level
2 2 2 2
5 5 2 2 2
1 20 0.5
0.98
5 5 10 5 5 5 5 5 2 5 2
5 10 5 10 10 5 5 5 5 2 5
3 4 25 1 3 15 15
0.95
1.00
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The value of a risk-aware solution

An implicit multi-period stochastic facility location problem
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The relevance of the stochastic model

A small example

A multi-stage extension

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 x 2725+ 0.3 x 6100 4 0.6 x 2500 — 3147 = 455,5
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A multi-stage extension

A multi-stage stochastic programming model

min

s.t.

Francisco Saldanha-da-Gama

Z s Z Z (ieyits + giezivs) + h° A2 + Z hiAy

seS iel teT teT

3 (b3 )+ Y e e
iel tel teT teT icl jeJ

Yils = yin se S\ {1}

Zj1s = zj11 se S\ {1}

Zits < Yits iel,teT,se$

Yits 2> Yit—1,s i€l te T\{1},s€S$
Zits>zi,t71,s ’el~ te T\{l} 565
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A multi-stage extension

A multi-stage stochastic programming model

s.t. ZXUts+\/jts:1 jed, teT,ses
i€l
Z djtinjts < YitsQiYits + Z KeWites i€ I7 te T7 seS
JjeJ el
Zw;uzsészs iel,teT,seS
Lel
Z- djts Vje
Aw>al— [1- L8 teT,seS
Zjedets
. d‘t Vijt.
AY>a’ - - 2 ey Bt ses

ZjeJ ZteT djts

. . 0
Domain constraints: Xjjes, Yits, Vjes, Ds, Dts, Zits, Wirts
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Aspects that have been less treated in the literature:
m The explicit use of service level in the context of multi-period location;
m Rolling horizon planning;

m The value of the multi-period solution;

The quantification of risk in facility location problems;

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

m Et cetera.
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