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This article studies a multi-period capacitated fixed-charge location-transportation problem in which, while
the location and capacity of each facility need to be determined immediately, the determination of final
production and distribution of products can be delayed until actual orders are received in each period.
In contexts where little is known about future demand, robust optimization, namely using a budgeted
uncertainty set, becomes a natural method to employ in order to identify meaningful decisions. Unfortunately,
it is well known that these types of multi-period robust decision problems are computationally intractable.
To overcome this difficulty, we propose a set of tractable conservative approximations to the problem that
each exploits to a different extent the idea of reducing the flexibility of the delayed decisions. While all of
these approximation models outperform previous approximation models that have been proposed for this
problem, each of them also has the potential to reach a different level of compromise between efficiency
of resolution and quality of the solution. A row generation algorithm is also presented in order to address
problem instances of realistic size. We also demonstrate that full flexibility is often unnecessary to reach
nearly, or even exact, optimal robust locations and capacities for the facilities. Finally, we illustrate our
findings with an extensive numerical study where we evaluate the effect of the amount of uncertainty on the

performance and structure of each approximate solutions that can be obtained.
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1. Introduction

Transportation planning can be decomposed in three different levels (Crainic and Laporte 1997):
strategic transportation planning, tactical transportation planning, and operational transportation
planning. At the highest level of management, an important decision consists in determining the
geographical locations of factories, suppliers and warehouses. Determination of facility location,
such as hub locations, supplier locations, air freight hub locations, railway station locations, etc.,
can significantly impact the design of the strategic networks. Recognizing this fact, researchers

(e.g., Christensen et al. (2013) and Abouee-Mehrizi et al. (2014)) have been developing integrated



models in order to have better control on the interactions between facility location decisions and
transportation strategies.

The traditional way of describing the location-transportation problem (LTP) has been to assume
a deterministic environment. In a deterministic setting, 7.e., when there is no uncertainty about
problem data, a multi-period capacitated fixed-charge LTP, with L facility locations, N customer

locations, and T periods, can take the form of the following mixed integer linear program (MILP):

L t_JTpt_(OT T
(Deterministic) m??)r/nlgze ;22 n—di;)Yy —c" (C*Z+K'I) (1a)
i=1 j
subject to Y Vi< D!, Vje{l,2,...,N},vte{1,2,...,T} (1b)
Y Vi<P L Vie{l,2,...,L},Vte{l,2,... T} (1c)
J
P'<Z vVte{1,2,...,T} (1d)
Y'>0,vte{l,2,...,T} (le)
Z<MI,Ie€{0,1}", (1f)

where Z € RE| Y ¢ REXNXT P ¢ REXT and with M as a constant chosen large enough. This MILP
integrates the optimization of both “strategic” and “operational” decisions. At the strategic level,
it includes for each candidate location ¢ =1,2,..., L, the binary decision I; denoting whether a
facility should be opened or not, and the continuous decision Z; denoting the production capacity
of the facility. Once these are decided, operational decisions over a horizon of t =1,2,...,7 include
for each period ¢, P/ denoting how many goods are produced at each i-th facility and Y;; denoting
how many goods are shipped from facility ¢ to customers at location j. The demand during period
t for location j =1,2,..., N is characterized by D). The total profit generated by the company
is computed based on sales revenue, with 1 > 0 the unit price of goods, on construction costs,
composed for a given facility i with size Z; of a fixed cost K; and variable costs C;Z;, on production
costs ¢; for each facility ¢, and finally on transportation costs, with d;; being the unit cost for
any shipment from location i to j. Note that each parameter 7, d;;, and ¢; could alternatively be
considered time dependant.

In model (1), all parameters are considered to be known exactly at the time of making the
strategic decision. In practice however, some parameters, in particular the exact size of each demand
D;,l is rarely known at the moment of building the facilities. In recent years, studies made in a
number of field of applications (Bertsimas et al. (2011), Gabrel et al. (2014b)) have demonstrated
the effectiveness of robust optimization (RO) for handling uncertainty especially in cases where

there is no valid argument to justify the choice of a distribution model. A naive application of robust



optimization to LTP under demand uncertainty might lead to the following robust counterpart

(RC):

. VWt T pt_ (AT T
(RC) maximize ZZZ(n dij)Y;—c PP —(C"Z+ K1) (2a)
subject to Y YV}, <D} ,VDED,Vj,Vt (2b)

(Lc) — (11),
where D is the uncertainty set for the vector composed of all the demands (D', D?,..., D7).

Although it can be shown that the RC model can be reformulated as a MILP if D is polyhedral,
the solution that it provides will often appear to be overly conservative, i.e., it might suggest
to open only a few facilities (if any at all) with very limited capacity. This is actually due to
the fact that the RC model completely disregards how operational decisions, namely size of pro-
duction and deliveries, are delayed and can exploit the information that becomes available about

the demand. This motivates the use of the following multi-period robust location-transportation

problem (MRLTP) model:
(MRLTP) max1m1ze mln th (I,Z,D")—(CT"Z+ K™I) (3a)
subject to Z < MI, Ie€{0,1}", (3b)

where hy(I,Z,D") is the profit generated during period ¢, once the demand is revealed for this

period, and is defined as

h(I,Z,D") = max ZZU dij) Y —c'P (4a)

vt pi
subject to Z YZE <Dj,Vj (4b)
S v <P vi (4c)
Pjt <Z (4d)
Y'>0, (4e)

which in particular captures the fact that since it is assumed that goods cannot be stored (or
demand backlogged) from one period to the other, neither at the facility nor at the demand
locations, it is always possible to design an optimal transportation and production plan that depend
only on the currently realized demand.

Finally, we make the common assumption that the demand vector D is known to lie in a budgeted
uncertainty set (see Bertsimas and Sim (2004)), i.e., that each D; lies in an interval and that at

most I' of the terms across all locations and time periods can take extreme values.



While it appears that the MRLTP does implement as much flexibility as is needed in this problem,
Atamtiirk and Zhang (2007) established that evaluating the objective is already computationally
intractable when T'=1. In this paper, we present a set of six conservative approximation models
to the problem that each exploits to a different extent the idea of reducing the flexibility of the
delayed decisions. These models will allow us to explore empirically the compromises that need to
be made between flexibility /conservatism and “tractability”?. Overall, we consider this article to
make the following contributions:

1. We present a set of tractable conservative approximations of the MRLTP that each employ
different form of application of affine adjustments proposed in Ben-Tal et al. (2004) and Chen
and Zhang (2009). While we do demonstrate empirically for the first time how significant the
improvements can be in terms of the quality of the approximate solutions for the MRLTP, especially
when comparing to Baron et al. (2011)’s robust model, we also establish conditions under which
some of the simplest approximation schemes already provide optimal solutions. These theoretical
results rely on carefully adapting the arguments presented in Ben-Tal et al. (2004) and Bertsimas
and Goyal (2012) to our multi-period setting.

2. Two of our formulations, namely what will be referred as ELAARC and HD-ELAARC, also
provide valuable insights about how better conservative approximation models can be obtained in
robust multi-stage optimization problems. With ELAARC, this is done by creating affine adjust-
ment only after replacing the recourse problem by an equivalent penalized formulation. With HD-
ELAARC, this is done by letting the affine adjustments depend on the whole history even though
an optimal recourse policy is known to be independent of the history. These two ideas might serve
many other instances of robust multi-stage decision problems.

3. We propose a row generation algorithm that employs a parsimonious choice of valid inequal-
ities in order to accelerate the resolution of one of our most complex approximation model, while
being easily adaptable to any of our other formulations. Our implementation of this algorithm
allows us to reduce by a factor between 16 and 260 the solution time of larger instances and to
solve instances with 20 periods, 15 facility locations, and 30 demand locations in less than 3 hours
while an exact method could not converge after running for more than 48 hours.

4. We perform an extensive numerical study in order to analyse the value of flexibility and the
robustness-performance trade-off that can be achieved by each approximation model. Furthermore,
we provide some insights about the general structure of the decisions that are proposed by each
approximation model on a large set of problem instances.

The remainder of the paper is organized as follows. In Section 2, we review prior work about
the robust location transportation problem under demand uncertainty. In Section 3, we present

six new tractable approximation models for the MRLTP. In Section 4, we establish the relation



between the bounds that are obtained using each approximation model and identify conditions
under which some of the models return exact solutions. Next, we present in Section 5 the details
of a decomposition scheme that can be used to accelerate the resolution of larger size models. In
Section 6, we provide numerical results and finally, the conclusions and possible future research

directions are presented in Section 7.

2. Prior work

To the best of our knowledge, Atamtiirk and Zhang (2007) were the first to study a model related
to the two-stage robust location-transportation problem (TRLTP), a special case of MRLTP with
a single-period 7'= 1, for an application of network flow and design problem where their objective
was to minimize worst-case cost over a budgeted uncertainty set. They compared a two-stage robust
optimization model with a stochastic program where the objective of the stochastic program was
to minimize the sum of the first-stage cost and expected value of the second-stage cost. When
distribution was captured by 200 demand scenarios, they showed that while the solution of the
two-stage robust optimization model increased the expected cost by 1.1% it actually decreased by
29.1% the cost incurred under the worst-case scenario. They identified the TRLTP as a special
case of the modelling framework and after recognizing that their problem was NP-hard, proposed
to use a cutting plane algorithm to reach a global optimum.

Recently Gabrel et al. (2014a) and Zeng and Zhao (2013) proposed two cutting plane methods
to solve a TRLTP exactly under the budgeted uncertainty set with an integer budget. Gabrel et al.
(2014a) showed that the adversarial problem in the TRLTP could be reformulated as a MILP. The
master problem of TRLTP could then be tackled using Kelley’s cutting plane algorithm given that
optimality cuts are provided using a MILP solver. Zeng and Zhao (2013) seem to have improved
on the solution time by employing a column-and-constraint generation (C&CG) algorithm instead
of Kelley’s cutting plane algorithm. Finally, in a similar transportation problem, Lei et al. (2015)
proposed a two-level cutting plane method for a two-stage mobile facility fleet sizing and routing
problem wherein fleet sizing and routing plan are determined in the first stage and allocation
of demands to the mobile facilities are determined in second stage. Although there is empirical
evidence that these exact resolution methods are efficient, the adversarial problem that is solved in
each case takes the form of a MILP that is inherently NP-hard. There is therefore always a risk of
having to endure unbearable computation times before obtaining solutions to any specific problem
instance.

In Baron et al. (2011), the authors can be considered to have proposed the first tractable con-
servative approximation of the MRLTP model. In their paper, the authors proposed a robust
optimization model in which static (i.e., inflexible) production and fractional transportation poli-

cies are optimized. Indeed, they replaced the Y;; variables with X}, D% which reflects the notion



that X/, is the proportion of demand at location j and time ¢ that is satisfied by the facility at
location i. Specifically, their proposed fractional variable-based (FVB) model takes the form:

(FVB) mﬁg})r(r}ligze min ZZZ(n —dy) XDl —c"P' — (CTZ+ K") (ba)
' toi g

subject to Y X/ D!<P! VDeD, Vi, Vt (5b)

P]t <Z,Vt (5¢)

> XL <1,Vj5,Vt (5d)

Xt >0,Vt (5¢)

Z<MI,Ie{0,1}". (5f)

They next studied the impact of two types of uncertainty set, box and ellipsoidal sets, on the struc-
ture of the robust solution and compared it to the nominal one. In particular, they paid special
attention to the number of opened facilities, the total capacity of facilities, the number of deliveries
made from each facility to the customer locations under different scenarios. Surprisingly, the follow-
ing example highlights the fact that the solution of the FVB model might abandon opportunities of
making profits that are arbitrarily large even with respect to the worst-case scenario. In contrast,
the simpler RC model actually does not suggest as much of a conservative solution for the same
instances. On the other hand, some might argue that the FVB model provides a transportation
policy that can easily be interpreted.

ExaMPLE 1. Consider an example of MRLTP with T'=1 and two customers such that D €
[D+ ﬁ] where D = 10000 and D = 5000. The location of customers is considered as the candidate
location of facilities, L = 2. The open facility will cover demand, if possible, with n =1, ¢; = 0.1,
C; =0.1 and K; =3000 for all ¢ and the transportation cost between locations is equal to 1. We
assume that the budget is I' = 2 which leads to a box uncertainty set. As it is shown in Appendix
A, the optimal value of RC model (2) is equal to 1000 but the optimal value of the FVB model is
zero in this example. This indicates that while the RC model suggests opening the two facilities
which leads to a worst-case profit of 1000, the FVB model closes everything down. When scaling
every parameters in the objective function by some o > 0, FVB will let go of an arbitrarily large
opportunity to make profit. Intuitively, the over-conservatism of the FVB model is due to the fact
that any feasible candidate for production must satisfy the largest possible demand, because of
(5b), while the worst-case profits that end up being measured in (5a) actually account for the
lowest demand. This necessarily leads the FVB model to imply that a lot of the production will

be wasted once one attempts to satisfy even a small amount of demand.



Recently, Bertsimas and de Ruiter (2015) proposed applying affine adjustments on a dual refor-
mulation of the TRLTP and show improved computation time when compared to applying the
same type of adjustment on the original TRLTP. Given that the two types of applications of these
adjustments are shown to be equivalent, it is likely that their methods could be used to improve
resolutions time of the models that are proposed in this work if one wishes to avoid using dedicated
decomposition schemes. Yet, we are still convinced at the time of writing this article that it is
necessary to employ row generation algorithms of the type presented here to obtain solutions to

the larger size instances of MRLTP problem in a reasonable amount of time.

3. Six conservative tractable approximations

In what follows, we provide six progressive ways of improving the quality of the solution obtained
from the RC and FVB model. Each of them will employ the idea of affine adjustments from Ben-
Tal et al. (2004) and a version of the splitting based uncertainty set extensions from Chen and
Zhang (2009) to exploit to a different extent the fact that the operational decisions P and Y can
be adjusted to the realization of the demand. The type of flexibility added by our models can be
divided in three classes. Similarly to what is done in the FVB model, the first class of approximation
models, called “customer-driven”, will adjust the size of a delivery to a customer simply based on
information about that customer’s demand, i.e., that Y}, :=},(D;) with 7, : R — R. In opposition,
the second class of approximation models, called “market-driven” will be more flexible and attempt
to optimize delivery policies that take into account the state of the market as a whole, 7.e., that
Y :=nl,(D") with 7}, : RN — R. This second class will necessarily lead to models that are more
computationally demanding yet have the potential of identifying better performing strategies. We
will finally introduce a final class of approximation models, referred as “history-driven”, that will
attempt to exploit the full history of demand although we did not yet identify an improvement there
that motivates the added computational burden. Note that in presenting each of the approximation
models we omit to derive and spell out the finite dimensional MILP reformulation that would be
obtained by applying duality theory to each robust constraint and objective function for the sake

of keeping the presentation compact.

3.1. Customer-driven affine adjustments

Our first approximation model will stem from the realization that in the recourse problem of

the MRLTP, namely Problem (4), the inequality constraint (4c) will be active at optimum and

can therefore be replaced with an equality constraint. This argument motivates replacing P} with
; X; D} for all i and ¢ in the FVB model (5). Using this replacement, our model effectively fully

adapts variable P to the revealed demand, which was an important issue with the FVB model. In

order to ensure that we obtain a tighter approximation than with the RC model, we also propose



replacing the fractional adjustment, Y}, := X}, D! with V' := X}, D! + W/, for all 4, j, and t. The
motivation for using Wf] is that there are some cases as shown in Example 1, wherein RC provides

a tighter solution than FVB. Introducing the variable W/,

+;» namely the “static” component of the

transportation policy, enables us to guarantee that this revised model always provides a solution
that is at most as conservative as the solution of the RC model (see Proposition 2 for more details).

Overall, these modifications lead to our revised fractional-variable based (RFVB1) model:

(RFVBI) maXHnlze glel% ZZZ N XD+ W) —(CT"Z+K'T) (6a)
subject to ZX@DHWZ@ng,VDeD,Vj,Vt (6b)
ZXtDt+m§§Z VDeD,Vi,Vt (6¢)
XtDt+Wf]20,VDeD,W,Vj,Vt (6d)
Z<MI,Iec{0,1}". (6e)

We next exploit an extended description of the budgeted uncertainty set proposed in Chen and
Zhang (2009) in order to optimize customer-driven transportation policies that have piecewise-
linear structure (we also refer the reader to Georghiou et al. (2015) for details about techniques
involving non-linear decision structures). Specifically, we employ a lifting of the demand uncertainty

space

D= {DGRNXT AD*, D7) €Dy, D:D+D+—D}

where

D, = {(D+,D—) eRNXT x RVXT

3(0F,67) e RNXT x RNXT 6+ >0, 6~ >0,]|6% +6||o <1,
|67 +6- |l <T, Di* = D6+, Dt~ = DI~ 6t Vvt

As illustrated in Figure 1, this lifting allows one to define different affine policies for positive
perturbations than those defined for negative perturbations thus giving rise to the possibility
of a better performing non-linear adjustment. For example, by letting W;; = aD?, Xf;’ =0 and
X!} = —a for some 0 < a <1, the lifting implements the policy Y}’ := amin(D!; D!) (see Figure

1(c)) which can make better use of the capacity Z; that is made available.
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Figure 1 lllustrative comparison of an affine adjustment in (a) and an affine adjustment on the lifted space

(D;",D57) in (b). Finally, (c) presents an example of lifted adjustment that implements Y :=

amin(D}; D}) in order to make better use of available capacity.

This manipulation of the model leads to our second revision of the fractional-variable based
(RFVB2) model:
(RFVB2) maximize  min Xt: Z ij(n —dy; — ) (XEF DY 4 XD W)
—(CT"Z+ K™I) (Ta)
subject to »_ X{FDiT 4+ X/ D™+ W), <D}, ¥(D", D7) €D,,Vj, ¥t  (7b)
ZX;}*D;* + XZFJ,*D;* + ij <Z;,V(D",D")eD,,Vi,Vt (7c)

J
XD+ XD +WE>0,Y(DT, D7) eD,Vi, Yy, Vi (7d)
Z<MI,Ie{0,1}". (7e)

3.2. Market-driven affine adjustments

We now provide three approximation models that will attempt to exploit full market information
in making deliveries. The first of these attempts can be considered as a direct application of the
AARC framework for the MRLTP as it was initially introduced by Ben-Tal et al. (2004). In such
a framework, the adaptive policies for later stage decisions are considered to be restricted to the
set of affine functions of the uncertain parameters. In the context of this problem, this means
that each adaptive policy of the MRLTP model (3) should take the form Y := (X},)" D" + W},
with X/, € RN and W}, € R. In other words, this means that the delivery for a customer j can
depend on all the orders that are made in this market. Intuitively, this added flexibility might be
beneficial considering that the amount of production of each facility is constrained by its capacity

Z;, therefore an increase in demand from a nearby customer might justify reducing the amount of
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goods to transport to a further customer in order to improve profitability. We note that similarly
as before the variable P! of the MRLTP model (3) will be replaced by Zj Y in all of our proposed
approximations. When restricting our search to affine policies of the D vector, the approximation

model takes the following form:

it : t\T Nyt t T T
(AARC) maximize min ZZZ ) (XD + W) —(CTZ+K"T)  (8a)
subject to Z X4 TDt+Wt <D!,VDeD,Vj,Vt (8b)
Z(Xf )'D'+W},<Z,,¥DeD,Vi,Vt (8c)
J
(X,)'D'+W/,>0,YyDeD, Vi, Vj,Vt (8d)
Z<MI,I1€{0,1}*. (8e)

Similar to what was done to obtain the RFVB2 model, AARC can be improved by lifting the
uncertainty set. LAARC of MRLTP (3) can be obtained by considering policies that are affine
in the pair of perturbations (D*,D~) € D,, namely Y}, := (X;")" D" 4 (X;;7)" D'~ + W}, with
Xf;’ c RV, ij_ € RY, and Wf] € R . This new approximation model takes the more sophisticated

form:

(LAARC)

- T \T yt—
maximize mlneD2 ZZZU dij —¢;) (Xff) D" +(X)"D" +W})

1,zxt x-.w (Dt,D

—(CTZ+KTT) (9a)

subject to Z XD +(X)'D" + W), <D;, ¥ (D",D7) € Dy, V5, Vit (9b)
Z(X;;)TDH +(X5)'D" + W/, <Z; )Y (D*,D") €Dy, Vi, Vt (9¢)
J
(XIH'D"™ +(X)"D" + W), >0,¥ (D", D7) €Dy, Vi,V j, vt (9d)
Z<MI, I€{0,1}". (9e)

Now, we propose an extension to the LAARC, referred as the ELAARC model, which will
benefit from a manipulation of a multi-period robust optimization model which to the best of our
knowledge is presented for the first time. The key idea is to reformulate the recourse problem (4)
in a way that relaxes the constraint that is plagued by uncertainty without compromising the

authenticity of the model. Namely, let us consider the following equivalent reformulation

he(I,Z,D") = max ZZ ci)Yig—ZBﬁ; (10a)
J
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subject to ZY;? <D;+6;,Vj (10Db)
Nvi<z, i (10¢)

J
Y'>0,0'>0, (10d)

where Y € RV 9" € RV and where each B; is a marginal penalty for violating constraint (4b)
that is chosen large enough for the optimal value of the optimization problem to remain the same.
We refer the reader to Appendix B for a proof that the assignment B; = max;(n —¢; — d;;) Vj
meets this criterion.

Similarly as for the LAARC model, we adjust the deliveries based on the lifted uncertainty
space, Y := (X;;)"D" + (X{7)" D'~ + W},

according to 0% := 57" D" + 5,7 D}” in order to obtain the ELAARC approximation model

furthermore we adjust each new auxiliary variable 6;

(ELAARC)

maximize min Xt+ Tptt 4 Xt Tt LWt
1,Z,Xxt.x—, (Dt,D™)EDy ZZZ ( ) Zj)
w,st.s~

—(C"Z+KTI)=> > B;(S;Di" + 57 Dl7) (11a)

subject to Z (XD + (X)) D' + W, < D}

+S8" DT+ 87Dy ,¥(D,D7)eD,,Vj,Vt (11b)
St Dt 48D >0,Y(DY,D7)eD,,Vj, Vi (11c)
(9¢) = (%), (11d)

where St € RV*T and S~ € RV*T. Finally, one might realize that when using this lifted uncer-
tainty space, the worst-case analysis of this optimization model really only depends on negative
adversarial perturbations. This will be an interesting feature to exploit when the time comes to

implement and solve the model.

PrOPOSITION 1. The LAARC and ELAARC approximation models can respectively be reduced

to the following two optimization problems:

(LAARC2) maximize min Z Z Z n—di;—c) (X7)'D+ W) —(C"Z+ K"1)

1,Z,X~ W D~€D3

subject to Z TDf*+Wt <D!-D' YD~ €D;,Vj,Vt
Z(X;j )'D'" + W}, < Z;,YD~ € D3 Vi, Vt
(;(;.-)TDf—JrWigzo,VD—epg,vz',Vj,Vt
Z<MI, Ie{0,1}*",
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and
(ELAARC?)
(X)) D™ +Wy
puaimine min 32,2 (0= dy =) ((X,)TD7+1W5)
—(CTZ+ K-> > "Bi(S:"DI")  (12a)
subject to Z )'D™+W,; <D, —Di"+S"D'” VD~ €D;,Vj,Vt (12b)
Z(X;j VY'D™+W,; < Z; YD~ €Ds,Yi, VYt (12c)
J
(X7)"™D™+W;;>0,YD™ €D;,Vi,Vj,Vt (12d)
S©"D!">0,vD” €Ds,Vj,Vt (12e)
Z<MI,Ie{0,1}", (12f)
where

Dy = {D— e RVXT

T N
367 eRMT0<67 <1, Y Y 67 <T, Di” =Disi VJ'W} :
t=1 j=1

Proof: First, one can easily confirm that both LAARC and ELAARC reduce respectively to
LAARC2 and ELAARC2 when the uncertainty set D is replaced with the following uncertainty
set

D) :=D,N{(D", D) e RV*T x RV*T | DT =0} .

Since D) C Do, it is clear that the optimal values of LAARC2 and ELAARC2 are respectively
at least as large as the optimal value of LAARC and ELAARC. Looking more specifically at
the LAARC2 model, given any optimal solution (I*,Z*, X~* W*), it is possible to reconstruct
a feasible solution for LAARC, simply considering X ** = X ~*  that achieves the same objective
value as the optimal value identified by LAARC2. Hence, this reconstructed solution is optimal for
LAARC. Note that in confirming feasibility of this reconstructed solution the difficulty resides in
establishing whether the robust demand constraint is satisfied. Namely, that for all j =1,2,..., N
and for all ¢ on can confirm that

o Zi:((X”*)TD” +(X;") D'+ W) - Dy — DiF + DI~

= max Y (X5)7(D"+D")+W}) - D - D + D

(D+,D=)eD,
1

< max E((ij_*)T(Dt-i-+Dt—)+Wig*)_D§+(D§++D§_)

(D+.D-)eD,
1

_ —x\T — * B -
= max ((ij ) D? —I—W;)—D;-I—D;

(0,D—)€Dy

= max Z (XD +Wlr)—-Di+ D~ <o,

D— EDg p
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where we exploited the fact that, for all (D*,D~) € Dy, DT is non-negative. Finally an exactly
similar argument can be made to confirm that the optimal solution of ELAARC?2 can be used to

obtain an optimal solution to ELAARC, simply by letting X** = X"* and S™ =S5"*. 0O

3.3. History driven affine adjustments
For completeness, we finally highlight the fact that, in a multi-period setting, one can suppose that
an even more flexible transportation strategy can be obtained by employing affine adjustments
that depend jointly on all previous realization of the demand until the implementation of the
transportation decision. Mathematically speaking, the injection of such additional flexibility leads
to the following structures. For all ¢ and j, in the case of the direct AARC approach one gets
=S (XH)TDY W,
Z t,zl(Xf; TDY* + (X TDY- 4 W};. Finally, the ELAARC model could additionally employ
9; = Zﬁ,zl Sjt.t/D§+ + S;t/D;i+. We present below the history-driven version of ELAARC in its

while the history driven version of LAARC would employ Y}, :=

reduced form.

(HD-ELAARC)

t

P ) Xtthth Wt TZ KTI
maximize Dmé% ) Z Z Z Z( ) + W) —(CTZ + )

1,Z,X~ \W,S~ — = o)
—ZZB Zstt*Dt (13a)

t'=1

subject to ZZ (X¥)T'D'~ + W < D!~ D~ +ZS§“*D§'* VD~ €Dy, Vj,Vt (13b)

i t’ 1 t'=1

ZZ Xtt— TDt—_|_Wt <Z;,ND™ €Dy, Vi, vVt (13c)
j t/=1

t

Y (XD +W5>0,YD” €Dy, Vi, V], Vt (13d)
t'=1

t

> SDIT>0,YD €Ds,Vj, Vi (13e)
t'=1

Z<MI,Ie{0,1}", (13f)

where for each i, j, ¢, and ¢’ <t, we have that Xf;/_ € RY and S;tl_ eR.

While we will show in our numerical experiments that such history driven models can be used to
obtain even tighter bounds than their non-history driven version, we note two important drawbacks.
First, from a computational perspective the number of parameters that need to be optimized using
this type of adjustment scales in the order of O(LN?*T?). Perhaps as importantly, the decision
rules that are obtained with this model will suggest strategies which structure is incoherent with

the most natural structure that would be used by optimal fully flexible strategies, namely the fact
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that the transportation policy for time t only depend on the realized demand for time t. For these

two reasons, we will later omit to present a complete numerical analysis of this model.

4. Theoretical analysis of robust approximation models

In this section, we are interested in demonstrating theoretically how solutions of better quality
can be obtained by using an approximation model that offers more flexibility for the delayed
decisions. In particular, we start by establishing what are the respective qualities of the bounds that
are obtained from each model regarding the worst-case profit of a candidate solution for facility

locations and capacities.

PROPOSITION 2. Given some fized values for the strategic decision vectors I € {0,1} and Z €
R, et fro(I1,2), furee(I,Z), fovs(I,Z), frrvei(I,Z), frrvee(I,Z), faanc(I,Z), frasrc(I,Z),
feranrc(L, Z) and fup.pranrc(I, Z) respectively be the value of the objective functions of approxima-
tion models (2), (3), (5), (6), (7), (8), (9), (11), and (13) when the rest their respective decision

variables are optimized. The following partial ordering is satisfied for any values of I and Z:

fro(I,Z2) < frevei(1, Z) < frrvee(1, Z) < fraane(L, Z) < forannc(L, Z) < furire(I, Z),
fFVB<I7Z) S fRFVBI(I7 Z) S fAARC(I)Z) S fLAARC(I7Z)
fELAARC(-[a Z) S fHD—ELAARC(Ia Z) S fMRLTP(Ia Z)a .

Proof: The function frpraarc(l,Z) provides a lower bound on true worst-case profit
furure (I, Z) since the adjustable variables that appear in problem (10) are limited to affine func-
tion of uncertain parameter. The ELAARC model reduces to the LAARC model when the value
of variables S;iJr and Sjtf are forced to take the value zero for all j and ¢. One can also show that
the LAARC model reduces to the AARC model when the constraint Xf;” = —Xitj_ Vi,7,t, is added,
thus leading to a lower evaluation of the worst-case multi-period profit. The LAARC model also
reduces to the RFVB2 model when adding the constraints that each terms of ij € RY equals zero
except for the j-th term. A similar set of constraints make the AARC model reduce to RFVB1
model. The RFVB2 model reduces to the RFVB1 model under similar conditions than those that
make LAARC reduce to AARC. Lastly, one can show that RFVB1 upper bounds RC since the
optimization model becomes equivalent to RC when we force X = 0.

Next, assuming that W is fixed to zero, one can show that the evaluation of worst-case profit
obtained from the RFVB1 model is larger than the evaluation from the FVB model since one can

replace constraint (6¢) with

Y DIX|,<P/,VDeD,Vi, vt & P/ <Z;,Vi,Vt,
J
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after letting P € RL*T be a set of additional decision variables of the model and since the objective

function of the RFVB1 model has the following property:
min ZZZ ¢)DIXL — (CTZ + K1)
= min ZZZ ¢)D'X!, —(CTZ+K"I) +Zcht—cTPt
= min ZZZ n—di;)D'XY — (CTZ + K1) +chz ZDt
> min ZZZ n—di)DiXE —(CTZ + K1) —Zcht.
r T :

In this derivation, the last inequality comes from the robust constraint Zj DX}, <P/VYD eD for
all 4 and t. Since this last expression is the objective function of the FVB model, it is clear that
the optimal value of this problem will be lower than the value of the RFVB1 model. Now, given
that in fact the RFVB1 optimizes the objective function over all W instead of forcing this decision
variable to zero as assumed earlier, it necessarily will increase even further the difference between
the two bounds.

Finally, while it is clear that fepaarc({,Z) < fup-rLasrc(l, Z) since the ELAARC model is equiv-
alent to the HD-ELAARC after we introduce the constraint that Xf;' =0 for all t# 1, the case for
fup-eraarc (L, Z) < furure (I, Z) needs a little more explanations. To clarify this relation, one needs

to remember that for all D € RV*T,

> m(I,ZDY)= max > > 3 (n-dy)V}—c"P (14a)
t t i

{vt,ptyT |
subject to ZY; < D; , Vi, Vt (14Db)
> YL <P Vi, vt (14c)
J
P <Z Vit (14d)
Yt>0,Vt, (14e)

where all temporal decision variables are optimized jointly in a way that can exploit the full infor-
mation about D, although it is unnecessary to do so because the problem decomposes. Yet, from this
perspective, if we replace each Y; with a history-driven affine function Y, := S v (X AT Dt 4 Wi,
we necessarily obtain an under evaluation of ), h,(I, Z, D*). Note that this argument further indi-
cates that the affine adjustment for each Y* does not need to be non-anticipative in order to
generate a valid lower bound on worst-case profits. [

The result presented in proposition (2) can easily be used to establish guarantees with respect

to the optimized bound on worst-case profit that are evaluated by each model.
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* * * * * * * * *
COROLLARY 1. Let frc, funpres frves frrven Freves fasnes Fiaares Fiaare 0@ fip praanc respec-

tively be the optimal value of (2), (3), (5), (6), (7), (8), (9), (11), and (13). The following partial

ordering is always satisfied:

f;‘VB S f};FVBl S f;FVBQ S szARC S f;‘LAARC S f;-}DfELAARC S f;\k/[RLTP

f};C S f}:FVBJ S fZARC S szARC :

Together, these results show that more sophisticated models of this list always provide better
conservative approximation of the optimal value MRLTP model (See Figure 2). In fact, anytime
one approximation model in this list returns exactly the optimal value of the MRLTP, all models
that are higher or equal to it in this ordering are guaranteed to return an exact optimal solution

and exact optimal worst-case bound.

RC RFVB2

RFVBI1 LAARC [ ELAARC [ HD-ELAARC[» MRLTP

FVB AARC

Figure 2 Partial ordering of the quality of bounds obtained from the different approximation models. Each arrow
connects an approximation model to an approximation model that returns a tighter optimized bound

for the optimal worst-case profit of the MRLTP model.

In the following theorem, we present conditions under which some of the proposed approximation

models are exact and refer the reader to Appendix C for a detailed proof.

THEOREM 1. The MRLTP model (3) is equivalent to:

e RFVBI, RFVB2, AARC, LAARC, ELAARC, and HD-ELAARC when C =0,

e RC, RFVBI, RFVB2, AARC, LAARC, ELAARC, and HD-ELAARC when I'=NT,
e LAARC, ELAARC, and HD-ELAARC when T'=1.

Intuitively, for the cases of C' =0 and I' = NT', the proof relies on exploiting the fact that the
optimization model used to evaluate fyrire(Z,I) can be shown to reduce to a problem in which
the uncertainty decomposes over a number of constraints so that an equivalence between static
and adjustable decisions identified in Ben-Tal et al. (2004) can be exploited. Otherwise, in the case
of I'=1, our proof follows in spirit the arguments used to support Theorem 1 of Bertsimas and

Goyal (2012) yet must address differently the fact that none of the delayed decision variables is a
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mapping of the whole multi-temporal demand vector. We believe this proof contains elements that

might pave the way to a possible extension of the result in Bertsimas and Goyal (2012).

Overall, Corollary 1 and Theorem 1 imply that LAARC, ELAARC, and HD-ELAARC not only

provide tighter bounds than all other proposed approximation models but also are optimal for

MRLTP for a number of interesting situations.

5. Improving numerical efficiency using row generation algorithm

In this section, we propose a row generation algorithm as a solution method for ELAARC2 which

we expect will be more computationally efficient than feeding the MILP reformulation of the

model directly to an off the shelf MILP solver. Therefore, we reformulated ELAARC based on the

following theorem which proof can be found in Appendix D.

THEOREM 2. The reduced ELAARC model is equivalent to

maximize p— (C"Z+K™I) (15a)
1 45P
subject to p<g(Z) (15b)
Z<MI,ITe{0,1}", (15¢)
where g(Z) is defined as
i CT'Z+K™I) Z0: )\tDt At Dt 16
v, (T2 D D A0 D Y NP =D D ND; (162)
O
subject to 0] +\; >n—c¢; —d;;,Vi,Vj,Vt (16b)
@tk+A ( —cl—d”)é,i*,VZ,V],Vk‘,Vt (16(3)
Z@f <TI0, 0! <6 Vi VkVt (16d)
ZA* <TAL AL <X AL < Bt~ Vi, VEk, Vi (16e)
Z@ e A — (=i —diy)or <T (0 + X =9l — (n—ci —dyy)) , Vi,VjVt (16£)

oga—gl,zzcs;—gr
toJ

A>0,A>0,0>0,0>0,¢v>0,¥>0,

U}Zth 57 c RNXT; 9 c RLXT; )\ c RNXT} w c RLXNXT’ (__) c RLXNXT; A c RNXNXT}

RLXNXNXT

(16h)
(161)

and ¥ €

Based on Theorem 2, we propose employing a row generation algorithm to solve ELAARC?2

wherein one goes through the following steps:
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Row generation algorithm

Step #1: Set UB = 0o and LB = —oc0. Solve the deterministic model with D = D to obtain an
initial set of facility location 1™ and capacities Z(). Let x = 1.
Step #2: Solve the following sub-problem

(SP)  minimize ZZZ(”)Ht—i—ZZ)\tDt ZZN D!

§TONY,0AT S

subject to (16b) — (161).

Set 9(“), )'\("), A® | and (5*)(”) to their respective value based on optimal solution of the above
SP model. Let p* be the optimal value of the above SP model. Set LB =max(LB, p* — (CTZ" +
KTI®)).

Step #3: Let k:=x+ 1 and solve the following master problem:

(MP) ma;dznplize p—(CT"Z+K"I) (17a)

subject to p < ZZ(@?)(”Z +ZZ(}\§)(1)Djt - ZZ(AL)(Z)ZA)
t i t g t g
Vie{l,2,...,k—1} (17Db)

Z<MI, I€{0,1}". (17¢)

Let 1™, Z® and p® take on the values of any optimal solution of the master problem (MP). Let
UB=p® —(CTZ® + KT["),

Step #4: If UB — LB < ¢ then terminate and return Z®) ) and p*) as the optimal solution,
otherwise repeat from Step #2. (Note that the termination condition can also be verified at the

end of Step #2.)

One can actually improve the convergence speed of the algorithm by exploiting a specific type
of valid inequalities for the ELAARC problem. Consider that in order for a triplet (I, Z,p) to be
feasible in problem (15), for any {(D~)W},cq C Ds, there must exist an assignment for X~, W,

and S~ such that the following constraint is satisfied:

p<zzz ) (XD + W) ZZB (SI(D) D), vieq

Z(X;j )7 (Dt )+ WE < (D)D) Ve, V),V
S (XD W < 2, Ve, Vi Vit
J

N\T —\( ) ]
(XE) (D)0 4 WS 20,1 €Q,¥i, ¥, ve.
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This gives rise to the idea of replacing the master problem with

(MP’)  maximize p— (CTZ+ K"I)
1,Z,p,X ™ ,W,S™

subject to p < Z Z Z(U —dy —c) (X57)TD + W)
t i J
_ZZBjs;—Df-, VD~ € D
t g

N (XD + WY < DT YD €Dy, Vi, Vi
> (X5)'D'"+ WY < Z;, VD™ €Df Vi, Vt
J

(X5)'D'" +W;20,¥D" €Df, Vi, Vj,Vi
(17b) — (17¢) ,

for some well chosen finite set of feasible demand realization D}. In particular, our implementation
uses Dj as the set that simply contains the most recently identified worst-case demand D; :=
D; —D;(6;)t.

One can observe in Table 1, the effect of including such valid inequalities in the decomposition
scheme on a set of four problem instances of different sizes. In particular, it might come as a
surprise to realize how much the number of iterations is reduced with this simple improvement.

REMARK 1. One might alternatively consider the following classical decomposition scheme for
robust optimization problem. Start by obtaining the solution of ELAARC for the nominal demand.
Then, identify the worst-case realization for the objective and each constraint. Finally, iterate until
convergence including in each new iteration the worst-case demand that was generated for each
constraint in the previous rounds. Unfortunately, this procedure is somewhat inefficient because of
the large difference between the large size of the scenario-based version of ELAARC, which also
holds binary variables, and the small size of the linear programming problems that provide the

next worst-case demand.

6. Numerical results
In this section, we evaluate the proposed approximation models on a set of randomly generated
problem instances. The questions we seek to address are:

e What are the computational requirements of each approximation models and of the proposed
row generation algorithm? (Section 6.1),

e What is the impact of varying the amount of uncertainty on the quality of the robust strategy
and of the optimized bound proposed by each approximation model? (Section 6.2),

e What is the potential of each model with respect to trading-off average performance and

robustness? (Section 6.3),
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Table 1 Impact of valid inequalities on row generation algorithm
LN % # of iteration Time (sec)
Without VI | With VI |Imp. % | Without VI | With VI |Imp. %
10 34 16 53 6 3 50
30 46 37 20 11 8 27
50 30 27 10 7 6 14
111020 70 27 18 33 ) 2 60
90 23 4 83 5) <1 >80
100 24 2 92 4 <1 >T75
Avg. 31 17 48 6 <3.5 >42
10 257 163 37 88 46 48
30 193 177 8 65 52 20
50 164 135 18 70 49 30
1120(40| 70 141 93 34 72 57 21
90 105 20 81 60 22 63
100 95 2 98 26 <1 >96
Avg. 159 93 46 64 <37.8 >41
10 162 58 64 25 6 76
30 174 89 49 28 15 46
50 181 91 50 29 18 38
10{10|10| 70 159 34 79 25 5 80
90 159 3 98 26 <1 >96
100 147 2 99 23 <1 >96
Avg. 164 46 73 26 <7.6 >T1
100 368 63 83 534 88 84
30 392 109 72 647 143 78
50 476 121 75 707 173 76
10[15|15| 70 521 99 81 783 134 83
90 542 15 97 800 20 98
100 514 2 100 760 2 100
Avg. 469 68 85 705 93 86

e Are there interesting insights about the structure of the robust decisions that are proposed by
each approximation model, namely in terms of number open facilities and total capacity of open
facilities, and of statistics about the amount of demand that is covered and the amount of unused
capacity under different scenarios? (Section 6.4).

Each of these experiments will employ different sets of problem instances generated randomly
according to the following procedure. We randomly generate IV nodes on a unit square, representing
the demand points and choose randomly L nodes of this N nodes as candidate facility locations.
The respective unit transportation cost between a facility and a customer location, d;;, is simply
considered equal to the Fuclidean distance between the two. For each facility ¢ we draw a value for
each parameters 1, C;, and K; at random uniformly and independently from the intervals [1.5,2],
[0.5,0.1], [0,50000] respectively, while the production cost parameter is simply set as ¢; =0.5. The

specific characterization of demand uncertainty is also randomly generated as follows: for each

demand location j and period of time ¢, the nominal demand D; is generated uniformly from the
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interval [0,20000] and the maximum demand perturbation is set to D! = £t D! where ¢! is drawn

randomly between 0.15 and 1.

6.1. Computational Analysis

In this subsection, we compare the computational time associated to the resolution of each approx-
imation model when implemented directly using Optimization Programming Language (OPL)
within IBM ILOG CPLEX Optimization Studio 12.6.1, while for ELAARC we also evaluated the
performance of our novel row generation algorithm. We are especially interested in comparing
these computational times to the computational requirements associated with the exact column
and constraint (C&CG) algorithm® presented in Zeng and Zhao (2013) for varying size of problem
instances and budget of uncertainty I'.

Table 2 focuses on single-period problems and presents the computation times of three problem
instances of different size: the “small” size instance had 10 facility and 10 demand locations, the
“medium” size instance had 10 facility and 20 demand locations, and finally the large size instance
had 50 facility and 100 demand locations. For each instance, we measured the impact of varying the
budget of uncertainty among different proportions of the total number of locations. A second set
of computational experiments involved three multi-period instances of different size: the “small”
instance had 10 periods, 10 facility and 10 demand locations, while the largest instance had 20
periods, 15 facility and 30 demand locations. Again, we attempted to measure the impact of varying
the budget of uncertainty but this time among different proportions of 7" x N, which is namely the
size of the uncertain vector D in each problem instance.

Our first observation is that the customer-driven models (i.e., FVB, RFVB1 and RFVB2) ben-
efit from strong computationally efficiency and can actually be solved even in the case of large
problem instances in at most a few seconds. While the market-driven models are more computa-
tionally demanding, we observe a significant reduction of computational efforts for the LAARC2
and ELAARC2 models when compared to AARC due to the use of the reduced form identified
in Proposition 1. It also appears that for medium size instances the ELAARC2 model becomes
slightly easier to solve than LAARC2 even though it involves a larger set of decision variables and
constraints. Otherwise, although these two market-driven models can be solved in less than an
hour for the medium single-period and multi-period instances, it becomes impossible to obtain a
solution during our 48 hours time frame for the largest single-period and multi-period instances.
One can obviously explain the difficulty of resolving market-driven models by the fact that the
number of degrees of freedom for the affine adjustment grow at the rate of O(LN?T) instead of
O(LNT) for customer-driven models. Comparatively, we observe perhaps with surprise that the

C&CG algorithm requires much less efforts than any of these direct implementations. This seems



22

to indicate that the efficiency of the decomposition scheme that is used by C&CG compensates for
the fact that C&CG requires the solution of a number of outer and inner mixed integer linear pro-
grams. This leaves us with the question of whether our conservative approximation models could
also benefit from some well-designed decomposition scheme.

Indeed, looking at the “Row gen.” column of both table, we remark that the time needed to
solve the ELAARC2 model can be significantly improved using our proposed row generation algo-
rithm. To be precise, we estimate that this algorithm is responsible for reducing the computation
requirements by a factor at least between 16 and 260 (see multi-period instance with T'=90%
where we have 48 x 3600/663 = 260) depending on the size of I'. Practically speaking, we see that
this algorithm allows us to identify robust approximate solutions for the largest single-period and
multi-period instances in less than three hours (with an average of less than an hour and a half).
In comparison, there is also evidence that the C&CG algorithm is unable to converge in less than
48 hours for the single-period instance when I' equals 30% and 50% of the number of locations,
while it is unable to do so for the large multi-period instance when I' is greater than 30% of the
total number of uncertain parameters (except for the trivial case of box uncertainty). One might
finally observe that except for AARC the computational time of all models initially increased as the
budget was increased but later decreases back to a lower delay. The reason of this trend might be
related to number of extreme points of uncertainty set D3 which is known to contain the worst-case
realizations for at least most of these models.

Regarding the resolution of HD-ELAARC, our experiments indicated that solving this model
directly with a MILP solver typically takes about 30 minutes (80x more difficult than solving
ELAARC2) for small size multi-period problem (i.e., T'=10, L =15, and N = 15)). Because of

time limitation, we were unable to experiment with larger problem instances.

Conclusions: While both RFVB1 and RFVB2 models can be solved almost as efficiently as the
FVB model, market-driven models should only be solved using standard optimization software
when the problem instance is of medium size. For larger sized problem, the use of a row generation
algorithm is needed and highly effective for these models. This allows us to provide nearly-exact
robust solutions (as shown in the next subsection) for problems where exact solutions are unob-

tainable. It appears however that much more algorithmic efforts are needed to provide solutions

to HD-ELAARC for problems of such large size.

6.2. Optimality gap analysis
In this subsection, we attempt to compare empirically the increasing quality of the approximate

robust solutions that are obtained from the different conservative approximation models. Our hope
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Table 2 Computational time (in seconds) needed for indentifying approximate and exact robust solutions for

three single-period instances of increasing sizes and varying level of budgets (in % of total number of uncertain

parameters). The dash “-” denotes situations where the method did not converge in less than 48 hours.
L| N |TI'% |[FVB|RFVB1|RFVB2| AARC | LAARC2 | ELAARC2 | Row gen. | C&CG
10 <1 <1 <1 4 3 9 3 <1
30 | <1 <1 <1 2 6 10 8 1
50 | <1 <1 <1 11 7 7 6 1
10120 | 70 | <1 <1 <1 6 13 13 2 1
90 <1 <1 <1 24 18 28 <1 <1
100 | «1 <1 <1 219 2.6 9 <1 <1
Avg. | <1 <1 <1 44 8 13 <3.7 <1
10 | <1 <1 <1 521 415 303 46 8
30 <1 <1 <1 272 264 166 52 11
50 | <1 <1 <1 283 275 191 49 50
20| 40 | 70 <1 <1 <1 581 0923 398 o7 19
90 | <1 <1 <1 1,747 1,308 1,287 22 3
100 | <1 <1 <1 69,394 | 2,326 1,011 <1 <1
Avg.| <1 <1 <1 12,050 852 559 <44 <15
10 | <1 2 6 - - - 3,241 | 8,465
30 | <1 1 11 - - - 1,563 -
50 <1 4 9 - - - 8,460 -
501100 70 | <1 5 4 - - - 3,781 7,682
90 | <1 4 6 - - - 1,382 7
100 | <1 2 2 - - - <1 2
Ave. | <1 | 35 6.3 - - - <3572 -

is to quantify, from the perspective of worst-case analysis, what is the actual value in employing a
more flexible model. The subsection’s development is threefold. We first investigate in single-period
problem instances the impact of changing the size of the potential demand perturbations € and of
the uncertainty budget I' on the quality of these solutions. We then perform a similar analysis for
the multi-period setting. Finally, we confirm that there exists multi-period problem instances for
which the history-driven model HD-ELAARC can indeed be used to obtain better approximate
robust solution than the non-history-driven alternatives.

It is worth clarifying that in what follows, every problem instance was generated using the
procedure presented earlier in the introduction of this section with a single exception concerning
the size of the potential demand perturbations € which was fixed to specific values in order to
monitor the effect of this parameter. Furthermore, in discussing our finding we will refer to the
following values which are worth defining precisely.

e The “optimized worst-case bound” of a conservative approximation model refers to the best
lower bound on worst-case profit that can be achieved according to this model. Mathematically,

for some model M # MRLTP, this is measured using f},
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Table 3 Computational time (in seconds) needed for identifying approximate and exact robust solutions for

three multi-period instances of increasing sizes and varying level of budgets (in % of total number of uncertain

parameters). The dash “-” denotes situations where the method did not converge in less than 48 hours.
T|L|N|IT% |[FVB|RFVB1 | RFVB2 | AARC | LAARC2 | ELAARC2 | Row gen. | C&CG
10 | <1 <1 <1 25 11 10 6 3
30 | <1 <1 <1 32 25 19 15 1
50 <1 <1 <1 41 38 21 18 1
10)110|10| 70 | <1 <1 <1 115 19 29 5 1
90 <1 <1 <1 103 23 31 <1 <1
100 | <1 <1 <1 61 32 27 <1 <1
Avg.| <1 <1 <1 63 25 23 <8.8 <1.5
10 | <1 <1 <1 500 342 428 88 1
30 | <1 <1 <1 | 3497 | 1813 1,016 143 12
50 | <1 <1 <1 4,749 2,770 2,662 173 9
10(15]15| 70 <1 <1 <1 4,815 3,360 3,048 134 36
90 | <1 <1 <1 | 5,140 | 3,933 3,681 20 8
100 | <1 <1 <1 6,316 4,431 4,120 2 2
Avg. | <1 <1 <1 | 4170 | 2,775 2,643 63 11
10 | «1 <1 <1 - - - 3,781 184
30 | <1 | <I <1 - - - 5,646 -
50 <1 <1 <1 - - - 10,567 -
20115130 =5 <1 <1 - - - 1,445 -
90 | <1 <1 <1 - - - 663 -
100 | <1 <1 <1 - - - 1 <1
Avg. | <1 <1 <1 - - - 4184 -

e The “achieved worst-case profit” of a strategic decision refers to the actual worst-case profit
achieved if this strategic decision is applied. Mathematically for a strategic decision (I}, Z},)
obtained using model M, this is measured using fyrere (L Zig)-

e The “optimal worst-case profit” of a problem instance refers to the best worst-case profit that
can be achieved for this instance. Mathematically, it is measured using f;z; - and obtained in our
experiments by solving the C&CG algorithm (see Endnote 3).

e The “relative optimized bound gap” of a conservative approximation model refers to the
relative difference between the optimal worst-case profit for this problem instance and the optimized
worst-case bound of this model. Mathematically, for some model M # MRLTP, it is measured
using (finee — Fid)/ Fimre-

e The “relative sub-optimality” of a strategic decision refers to the relative difference between
the optimal worst-case profit for this problem instance and the achieved worst-case profit of this

decision. Mathematically, for a strategic decision (I}, Z},) obtained using model M, it is measured
using (firure — fawire (D Z34))/ Frare-

6.2.1. Impact of size of potential perturbation on optimality gap

We consider 100 randomly generated problem instances with L =10, N =10, and T'=1. Table 4
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presents the average (taken over the set of 100 instances) relative optimized bound gap and the
average relative sub-optimality gap for the solutions (i.e., identified strategies for I and Z) of both
customer-driven and market-driven type models under different budgets of uncertainty I when
the demand intervals are forced to a relatively small size, i.e., € = 0.15. Similarly, Tables 5 and 6
present the same statistics, on the same set of instances, but with medium size € = 0.30, and large
size € = 0.45 demand intervals.

Regarding the quality of the optimized worst-case bound, one might first observe in these tables
that as indicated by Corollary 1, the optimized bounds always improve when one uses a more
flexible approximation model. One might further remark that the most significant improvements
appear to occur exactly when passing to models that implement the most significant changes in
terms of added flexibility and resulting computational needs, namely from the FVB model to the
RFVBI1 model and later by passing to a market-driven model. When we look at the results for
the FVB model and other customer-driven models, we observe that RFVB1 and RFVB2 models
reduce by factors of 8 and 13 respectively the quality of the optimized worst-case bound offered by
the FVB model. In particular, one might notice that when € = 0.30, the company always identifies
profitability in servicing its customers under the RFVB1 and RFVB2 models while the FVB model
suggests shutting down all facilities at I' = 4. This is serious evidence that the FVB model is overly
conservative. Furthermore, it appears that a significant gain is achieved with the introduction of
market-driven policies such that the proposed optimized worst-case bounds are on average always
less than 0.59% from being exact. Although the added value of using the LAARC and ELAARC
models is not very pronounced (refer to underlined and bold entries respectively), the difference
becomes more remarkable as the size of demand intervals is increased. Regarding sensitivity to the
size of I" and e, one might notice that the quality of the optimized worst-case bounds for FVB
decreases when the budget of uncertainty increases unlike the other models. We also estimate the
quality of the other model’s optimized bound to be less affected by the growth of the size of demand
intervals.

Regarding the quality of the approximate robust solution itself, we can confirm that employing
more flexible adjustments clearly improves the chances of identifying good strategic decisions. For
instance, in Table 6 where there is large demand intervals, for I' = 5, the FVB model always
suggests to construct no facilities foregoing all chances of making any profit (i.e., a 100% worst-case
profit loss) while ELAARC provides strategic decisions that on average achieve a worst-case profit
that is only 0.28% from being the optimal worst-case profit achievable. ELAARC also provides a
guaranteed lower bound on worst-case profits that is on average only 0.50% lower than the optimal

worst-case profit. It can also be observed that all of our proposed methods provide optimal robust
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solutions for the case with I' = IV as predicted by Theorem 1, moreover the LAARC and ELAARC
models’ solutions are also optimal when I'=1.

Table 7 provides additional statistics about the relative sub-optimality of the different solutions
proposed by each approximation model in the 3000 problem instances that are surveyed in Tables 4,
5, and 6. Specifically, the table indicates for a number of different percentage gaps, the proportion of
instances for which each model was able to identify an approximate robust solution which relative
sub-optimality was within that given gap. Each proportion can be interpreted as the likelihood
that the solution obtained from a model achieves a worst-case profit that is within some percentage
away from being optimal. The table also presents what was the average and maximum relative sub-
optimality gap for each model. In particular, one can observe that the flexibility of ELAARC gives
it the best chances of providing a solution that achieves a certain level of relative sub-optimality.
Yet, one can also remark that in terms of maximum relative sub-optimality gap, LAARC was able
to perform slightly better. This serves us as a reminder that optimizing a tighter lower bound on
an objective value does not guarantee that a solution of better quality will be obtained, however
in most cases one can certainly say that it serves as a great proxy. It is worth also noting that
the limited additional flexibility of REFVB1 and RFVB2, compared to FVB, has a significant pay
off in terms of relative sub-optimality. For instance, the proportion of problem instances where
a guaranteed profit is wasted decreases from 75.0% to almost 1% with the RFVB1 and RFVB2
models. Finally, LAARC and ELAARC never forego on the potential of making positive profit in

any of these instances.

6.2.2. Optimality gap analysis in multi-period problems

We consider 100 randomly generated problem instances with L =10, N =10, and either three or
five periods. Table 8 presents the same statistics as in Table 4 but for a set of 100 problem instances
with three periods T'= 3 while the demand perturbation size is forced to € = 0.3. Alternatively,
Table 9 presents the same statistics for T'= 5. In these tables we observe a similar trend as before
except for the perhaps unexpected fact that the REFVB2 model seems to provide on average better
quality solutions and bounds than AARC. In particular, as underlined in both tables the average
relative optimized bound gap is always very close to 1 or 2% (see the underlined entries) while
this same statistic rises to values that are close to 4 or 7% with AARC. This seems to indicate
that the flexibility provided by AARC, namely adapting to market information, is less useful
than the flexibility provided by REFVB2, namely reacting differently for positive than for negative
perturbations. The same observation can be made when comparing the two models’ average relative
sub-optimality gap. One can additionally confirm that LAARC and ELAARC both provide the
best quality solutions and optimized worst-case bound. Furthermore, ELAARC is able to slightly
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Table 4  Average relative optimized bound gap (Bound gap) and average relative sub-optimality gap (Opt. gap)
for the solutions obtained from each approximation model under different values of budget when £=0.15
r FVB RFVBI1 RFVB2 AARC LAARC ELAARC
Bound | Opt. | Bound | Opt. | Bound | Opt. | Bound | Opt. | Bound | Opt. | Bound | Opt.
gap gap gap gap gap gap gap gap gap gap gap gap

1 31.0 | 11.9| 11.3 |4.88 | 547 |2.78 | 0.00 | 0.00 0 0 0 0
2 52.7 | 255 | 114 4.3 732 | 349 | 0.04 [0.03| 0.02 |0.01| 0.02 |0.01
3 66.5 |36.2| 855 (444 | 7.02 |239| 0.08 |0.07| 0.04 |0.04| 0.03 |0.03
4 76.4 | 42.7| 5.84 |3.38| 561 |248| 0.11 |0.09| 0.05 |0.04| 0.04 | 0.04
5| 8.2 | 472 3.75 |234| 3.75 |235| 0.11 |0.08| 0.04 |[0.03| 0.04 |0.03
6 87.5 |49.9 | 2.15 1.49 | 2.15 | 149 | 0.08 [0.06 | 0.01 |0.01| 0.01 |0.01
7 90.0 | 54.1 1.08 [ 0.83 | 1.08 |0.83 ] 0.06 |0.05| 0.01 [0.01| 0.01 |O0.01
8 91.2 |539| 041 |0.35| 041 |0.35| 0.03 |0.03| 0.01 |0.01| 0.01 |0.01
91 91.5 |55.5] 0.09 |0.08| 0.09 |0.08| 0.01 |0.01| 0.00 [0.00| 0.00 |0.00

10| 91.5 | 55.2 0 0 0 0 0 0 0 0 0 0
Table 5 Average relative optimized bound gap (Bound gap) and average relative sub-optimality gap (Opt. gap)
for the solutions obtained from each approximation model under different values of budget when £=0.30
r FVB RFVB1 RFVB2 AARC LAARC ELAARC
Bound | Opt. | Bound | Opt. | Bound | Opt. | Bound | Opt. | Bound | Opt. | Bound | Opt.
gap gap gap gap gap gap gap gap gap gap gap gap

1] 55.0 [26.2] 226 |10.2| 11.3 |6.02| 0.00 | 0.00 0 0 0 0
2 82.4 | 47.7| 24.4 |10.5 155 | 753 | 0.12 |0.11| 0.06 | 0.05| 0.05 | 0.04
3 95.4 | 745 | 19.2 11.7 ] 157 |6.14| 036 |0.25| 0.12 |0.09 | 0.08 | 0.08
4 99.7 1954 | 136 |896| 13.1 [6.69| 0.59 |038| 0.15 |0.11| 0.12 | 0.11
9 100 100 | 9.07 |6.45| 9.07 |6.45| 0.79 |0.46 | 0.15 0.1 | 0.13 | 0.09
6 100 100 531 |4.01| 531 |[4.01| 0.75 |0.45| 0.11 | 0.08 | 0.09 | 0.06
7 100 100 268 214 | 2.68 |2.14| 050 |0.33| 0.05 |0.05| 0.05 |0.05
8 100 100 1.02 0.9 1.02 0.9 0.2 0.17| 0.03 |0.03| 0.03 | 0.03
9 100 100 0.22 [0.22] 0.22 |0.22| 0.04 |0.04| 0.00 |0.00] 0.00 |0.00

10| 100 100 0 0 0 0 0 0 0 0 0 0

Table 6 Average relative optimized bound gap (Bound gap) and average relative sub-optimality gap (Opt. gap)

for the solutions obtained from each approximation model under different values of budget when £=0.45

r FVB RFVBI1 RFVB2 AARC LAARC ELAARC
Bound | Opt. | Bound | Opt. | Bound | Opt. | Bound | Opt. | Bound | Opt. | Bound | Opt.
gap | gap | gap | gap | gap | gap | gap | gap | gap | gap | gap | gap

1| 70.7 |34.7| 348 | 165 | 17.6 | 9.34 | 0.00 | 0.00 0 0 0 0
2| 955 |75.0| 39.7 | 204 | 255 | 14.3 | 0.20 |0.14| 0.20 | 0.14 | 0.11 | 0.09
3| 100.0 | 98.9 | 32.6 |22.22| 26.87 |10.74| 1.67 [0.90| 0.40 | 0.30 | 0.26 | 0.21
4| 100 | 100 | 239 | 176 | 23.2 | 14.0 | 3.08 |1.54| 0.57 | 0.41 | 0.44 | 0.37
51| 100 | 100 | 16.2 | 12.3 | 16.2 | 12.3 | 3.57 | 1.82| 0.56 | 0.34 | 0.50 | 0.28
6| 100 | 100 | 9.67 | 7.65 | 9.67 | 765 | 2.89 |1.61| 0.46 |0.250| 0.40 | 0.22
7] 100 | 100 | 4.84 | 4.03 | 4.84 | 4.03 | 1.70 | 1.15| 0.31 | 0.27 | 0.29 | 0.25
8| 100 | 100 | 1.80 | 1.57 | 1.80 | 1.57 | 0.61 |0.52| 0.11 | 0.06 | 0.11 | 0.06
9| 100 | 100 | 0.36 | 0.36 | 0.36 | 0.36 | 0.11 |0.07| 0.01 | 0.01 | 0.01 |0.01

10| 100 | 100 0 0 0 0 0 0 0 0 0 0
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Table 7 Proportion of the 3000 problem instances analysed in Tables 4, 5, and 6 where the relative
sub-optimality gap of each approximation model was within a certain range. Average gap and maximum gap are

also reported.

Gap range | FVB | RFVB1 | RFVB2 | AARC | LAARC | ELAARC
=0% 0.0 32.7 32.7 68.2 83.7 85.7
<0.1% 0.0 35.7 36.4 77.0 90.7 92.6
<1% 1.3 47.5 50.6 92.8 98.8 99.2
<10% 7.4 83.4 88.5 99.9 100.0 100.0
=100% | 75.0 1.1 1.0 0.0 0.0 0.0
Avg. gap [79.81| 5.91 4.7 0.26 0.05 0.04
Max gap | 100 100 100 34.67 3.32 4.82

tighten its optimized bound (as shown in bold) and obtain solutions that are slightly less sub-
optimal when T" equals 30% of the total number of uncertain parameters. It finally appears based
on this experiment that when one uses other models than the FVB model, the quality of the
approximate robust solutions improves, for any fixed percentage of uncertainty budget, as the
number of time periods increases. This appears a little counter-intuitive yet one might conjecture
from this empirical evidence that as the horizon becomes longer, it becomes easier to hedge (or
perhaps hide from) the risks related to demand perturbation so that approximation models become
more effective at identifying good strategies.

Table 10 repeats the analysis of Table 7 in presenting further statistics regarding the relative
sub-optimality of the solutions that are obtained from the different conservative approximation
models. All statistics that are presented were assessed on the 1000 problem instances covered in
Tables 8 and 9. Again, we see significant improvement for passing from the FVB model to REVB1
(with the maximum gap being reduced from 100% to 8.37%), and very good odds (i.e., 99.6%) of
achieving less than a 1% relative sub-optimality gap with LAARC or ELAARC. Yet, one should
realize that the odds of achieving an exact solution with both of these models reduces significantly
in this set of multi-period problem instances, namely a reduction from above 84% when T'=1 to

less than 13.2% in this set of multi-period problems.

Table 8  Average relative optimized bound gap (Bound gap) and average relative sub-optimality gap (Opt. gap)

for the solutions obtained from each approximation model under different values of budget when 7'=3 and ¢=0.3
TlILIN| % FVB RFVB1 RFVB2 AARC LAARC ELAARC
Bound| Opt.| Bound| Opt.| Bound| Opt.| Bound| Opt.| Bound| Opt.| Bound| Opt.
gap | gap | gap | gap | gap | gap | gap | gap | gap | gap | gap | gap
0.1 51.99 | 6.84| 7.67 |3.79| 0.45 [0.20| 4.29 |1.52| 0.06 |0.05| 0.06 |0.04
0.3| 86.47 | 23.37 9.53 |2.89| 1.47 [0.60| 7.24 |2.02| 0.37 |0.21| 0.35 [0.20
3 |10{ 10| 0.5 85.60 | 23.35 6.94 |1.60| 2.42 |0.86| 4.44 |1.56| 0.71 |0.36| 0.70 |0.36
0.7/ 84.70 | 23.75§ 3.01 |1.32| 2.15 [0.56| 1.73 |0.97| 0.60 |0.35| 0.60 |0.35
0.9 84.26 | 24.4 0.29 |0.18| 0.28 |0.18| 0.20 |0.14| 0.10 |0.08 | 0.10 |0.08
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Table 9  Average relative optimized bound gap (Bound gap) and average relative sub-optimality gap (Opt. gap)

for the solutions obtained from each approximation model under different values of budget when 7'=75 and ¢=0.3

TILINIT% FVB RFVBI1 RFVB2 AARC LAARC ELAARC
Bound| Opt.| Bound| Opt.| Bound| Opt.| Bound| Opt.| Bound| Opt.| Bound| Opt.
gap | gap | gap |gap | gap |gap | gap |gap | gap | gap | gap | gap
0.1| 60.43 {3.76 | 5.30 |3.00| 0.26 |0.10| 4.22 |2.18| 0.03 |0.02| 0.03 |0.02
0.3| 73.11 {5.11| 5.51 [2.82] 0.68 [0.32| 4.65 |[2.12| 0.17 [0.10| 0.16 |0.10
5110/ 10/ 0.5 70.42 [ 6.43 | 4.56 |[1.65| 1.09 |[0.55| 3.33 [1.03| 0.31 |[0.15| 0.30 |0.14
0.7| 68.49 {8.25] 2.61 [0.60| 1.19 [0.50| 1.53 [0.52] 0.33 [0.16| 0.33 |0.16
0.9/ 67.50 {9.59| 0.36 [0.15| 0.31 |[0.11| 0.18 [0.09| 0.06 |[0.04| 0.06 |0.04

Table 10 Proportion of the 1000 problem instances analysed in Tables 8 and 9 where the relative sub-optimality

gap of each approximation model was within a certain range. Average gap and maximum gap are also reported.

Gap range | FVB | RFVB1 | RFVB2 | AARC | LAARC | ELAARC
=0% 0.0 1.1 2.7 1.0 12.6 13.2
<0.1% 0.2 10.1 23.6 14.6 56.0 56.9
<1% 2.0 43.8 92.2 06.2 99.6 99.6
<10% 67.6 | 100.0 100.0 | 100.0 100.0 100.0
=100% 5.7 0.0 0.0 0.0 0.0 0.0
Avg. 15.97| 1.77 0.4 1.17 0.15 0.14
Max gap | 100 8.37 3.54 6.18 1.07 1.05

6.2.3. Optimized bound gap reduction using HD-ELAARC
Table 11 presents the relative optimized bound gap and the relative sub-optimality gap for the
solutions of the ELAARC and HD-ELAARC models in a specific multi-period instance where
T=3, L=10, and N =10 drawn according to the procedure used previously for different values
of the uncertainty budget I'. The relative gaps that are reported confirm that HD-ELAARC has
the potential to identify a tighter optimized worst-case bound for the MRLTP problem and con-
sequently provides approximate robust solution that slightly improves the relative sub-optimality

gap. Yet, we consider this improvement to be somewhat small for passing from a model which size

grows with O(LN?T) to O(LN?T?).

Conclusions: 1t appears based on this analysis that RFVB2 and ELAARC2 are the two models
that have the best to offer, compared to other models in their respective class, in terms of trading-off
speed of resolution and robustness of the facility location strategy that they are able to identified.
Additionally, we observed that customer-driven based approximation models, in particular the FVB
model, are sensitive to the size of potential perturbations while the performance of market-driven
based models appear to be a little more stable. It also appears that the performance of solutions of
conservative approximation schemes somehow benefit from longer horizon problems in which there
might be more opportunities to edge or hide from the risk. On the other hand, it appears much

more difficult to close the sub-optimality gap in larger problems with the type flexibility that is
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Table 11  Relative optimized bound gap (Bound gap) and relative sub-optimality gap (Opt. gap) for the
solutions obtained from ELAARC and HD-ELAARC under different values of budget with ¢ =0.3

ELAARC HD-ELAARC
I' % | Bound gap | Opt. gap | Bound gap | Opt. gap
10 0.32 0.32 0.11 0.11
20 0.60 0.45 0.40 0.29
30 0.77 0.48 0.38 0.21
40 0.74 0.34 0.25 0.09
50 0.93 0.14 0.40 0.07
60 0.83 0.40 0.38 0.17
70 0.44 0.21 0.22 0.13
80 0.42 0.19 0.17 0.07
90 0.17 0.17 0.04 0.04
100 0.00 0.00 0.00 0.00

found in customer and market-driven adjustments. There might still be however some hope to close
this gap with a history-driven model like HD-ELAARC, yet one would be left with the challenge

of designing efficient decomposition scheme for this model.

6.3. Robustness-performance trade-off

In this subsection, we study the robustness and performance of the approximate robust solutions
obtained using our different approximation models in a pair of experiment. While the first experi-
ment involves a set of 100 medium size single-period problem instances where L =10 and N = 20,
the second one involves a set of 100 large size single-period problem instances where L =50 and
N =100. Each problem instance is generated according to the procedure described in the intro-
duction of this section. Unlike what was done in the numerical studies of previous sections, we
do not wish to evaluate the worst-case performance of the solutions that are obtained but rather
estimate what type of balance these solutions can achieve in terms of compromise that needs to be
made between potential protection against risk (captured by a percentile) and potential expected
profit. In particular, for each problem instance, we evaluate the statistical performance of each
approximate robust solution on a set of 100 demand scenarios. To obtain each of these scenario,
each customer’s demand is independently generated from its respective demand interval using a
uniform distribution. In the instances of larger size, due to the duration of the resolution process,
we limit our study to the FVB, RFVB1 and RFVB2 models.

In Figure 3, we report the average expected profit and the average 10th percentile profit of each
approximation model’s solution as total budget for the uncertainty set is varied. The same results
are also presented in Figure 4 to highlight what type of compromise can be achieved by adjusting
the budget of uncertainty. Considering that a common criticism of robust optimization approaches

has been that it provides overly conservative solutions, it might come as a surprise that our results
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show that a flexible robust optimization approach with an appropriately calibrated uncertainty
set (e.g. the LAARC model with I' = 1) will provide solutions that outperform the solutions of
the deterministic model (1), obtained by setting I' =0, in terms of both expected profit and risk
exposure as measured through the 10th percentile. Another interesting observation is that overly
conservative solutions might often actually be the result of not injecting enough flexibility in the
robust optimization model, as is the case for the FVB and RFVB1 models. The figures clearly
show that whether the instance is small or large, it is always worth employing the slightly more
sophisticated RFVB2 model to achieve significantly better risk and return trade-off. Figure 3(a)

also demonstrate how performance is improved by employing market-driven models.

Conclusions: Our experiments clearly show that whether the instance is small or large, it is
always worth employing the slightly more sophisticated RFVB2 model to achieve significantly
better risk and return trade-off. Figure 4 also demonstrates how performance is improved by
employing market-driven models yet this was not confirmed on large problem instances due to the

heavier computational requirements of the resolution methods for these models.

6.4. Decision structure

In this subsection, we study the strategies that are obtained from our approximation models. In
particular, we look at characteristics such as the number of facilities that are opened and the total
production capacities that is installed. To perform this analysis, we replicate the experiments that
were done in section 6.3 with L =10 and N = 20. Statistics of these experiments are reported in
Table 12. In particular, its first set of rows indicates the proportion of problem instances where
at least one facility location was proposed for different levels of uncertainty budgets. Once again,
the over conservatism of the FVB model can be observed as the model refuses to open any facility
in 43% of instances for a relatively small value of I" = 2. In contrast, the proportion of problem
instances where no facilities are selected is below 15% for all other approximation models. In the
other two sets of rows of Table 12, we reports the number of open facilities and total capacity of
the proposed solution averaged over the instances where at least one facility location was selected.
Regarding the strategies proposed by each models, one might notice that more flexible models
always propose opening a larger number of facilities. However, the same cannot be said of total
capacity. In particular, it appears that when I' = 1 market-driven models are a bit more cautious
with respect to the capacity of its facilities. Increasing the amount of uncertainty has the natural
effect of encouraging a smaller number of smaller facilities. It might also be worth underlining the
fact that although the FVB model tends to propose the smallest number of facilities, it is misled
to promote much larger ones. We believe all these results reaffirm the added value that is obtained

by including more flexible policies in the robust optimization model.
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Figure 3 Average expected and 10th percentile profit achieved by the different robust methods on 100 problem

instances when adjusting the level of conservativeness I'. Figure (a) and (c) present the average
expected and average 10th percentile profit respectively for medium sized instances with . =10 and
N =20 while (b) and (d) present the same statistics for for large sized instances with L =50 and
N =100. Note that in (a) and (b) the curves for LAARC and ELAARC were combined since the

performances where indistinguishable.

We conclude this numerical study with Table 13 which describes how much each approximation
model is able to cover the realized demand and make efficient use of its capacity as the uncer-
tainty budget I' is increased. The first observation one can make is that the percentage of covered
demand and the percentage of unused capacity displays increased caution, i.e., a decrease of both
percentages, as the models account for increased uncertainty through I'. We also observe that

market-driven models have less unused capacity and cover a larger percentage of demand than
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Figure 4  Average expected profit versus average 10th percentile profit achieved by the different robust methods
on 100 problem instances when adjusting the level of conservativeness I'. Figure (a) presents the
achieved risk-return trade-off for instances of medium size while (b) presents it for instances of large
size. Note that in (a) the curves for LAARC and ELAARC were combined since the performances where

indistinguishable.

other models. Among the customer-driven model, the RFVB2 model appears to use a strategy

that resembles much more to the strategies of the market-driven models.

Conclusions: In sum, market driven model propose strategies that open more facilities of smaller
sizes. This strategy seems to allow the decision maker to have more flexibility to choose where
goods will be shipped from to meet a certain customer’s demand. Meanwhile smaller capacities
also protects the company from suffering a high rate of unsold products. We also observe that the
strategies obtained from market-driven models make better use of the available capacity and cover

a larger percentage of the demand than other models.

Table 12 Statistics describing the structure of approximate robust strategies is a set of 100 single-period

problem instances with L =10 and N =20

'l FVB |RFVBI1 |RFVB2| AARC | LAARC | ELAARC
# of instances | 1 5% 8% 93% 95% 95% 95%
with open 2| 57% 6% 90% 94% 94% 94%
facilities 51 10% 85% 85% 91% 91% 91%
Average 1| 1.56 1.66 1.86 1.86 1.86 1.86
# of open 2 1.21 1.56 1.82 1.81 1.83 1.83
facility 5| 1.20 1.49 1.61 1.62 1.70 1.71
Average 1170227 | 167479 | 171089 | 164867 | 164797 164806
total 21146404 | 135752 | 156456 | 153134 | 153582 153905
capacity 51112252 | 78879 | 109826 | 119999 | 124363 125493
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Table 13 Proportion of demand that is covered and total capacity that is unused averaged over the 100

demand scenarios from each problem instance and over a set of 100 problem instances

T Title FVB | RFVB1 | RFVB2 | AARC | LAARC | ELAARC
Unused capacity (%) | 1.18 2.06 1.52 0.74 0.74 0.74
Covered demand (%) | 63.11 | 72.46 79.25 | 79.05 79.02 79.03

9 Unused capacity (%) | 0.17 | 0.79 0.74 0.20 0.21 0.22
Covered demand (%) | 41.93 | 58.15 | 70.85 | 73.02 | 73.21 73.36

5 Unused capacity (%) | 0.00 | 0.00 0.02 0.00 0.00 0.00
Covered demand (%) | 5.80 | 34.23 47.43 | 55.55 57.60 58.12

7. Conclusion

In this paper, we have studied a multi-period robust location-transportation problem with demand
uncertainty which was characterized using the budgeted uncertainty set. In order to overcome
the known computational difficulty of resolution of this model, we presented six new conservative
approximation models that each implement to a different extent the flexibility in the delayed
production and transportation decisions. We believe these models, and in particular the RFVB2,
ELAARC and HD-ELAARC models, are especially relevant to the transportation literature as
the only conservative approximation model that had been presented prior to this work was the
FVB model which as Example 1 and our empirical results demonstrated is overly conservative.
While this conservativity can easily be corrected for by adding a small amount flexibility to the
delayed decisions as is done in the customer-driven RFVB2 model, the solution quality is drastically
improved using market-driven models such as the ELAARC. The quality is even further improved
using history driven models, i.e., HD-ELAARC, although the number of decision variables in this
model quickly makes it prohibitive. As portrayed by Table 14, improving solution quality comes at a
price in terms of computational requirements. Therefore, we developed a row generation algorithm

that enables us to solve market-driven based approximations for large instances.

Table 14 Summary of the trade-off between flexibility of the adjustments, complexity of the model, and quality
of the solution in a multi-period setting. Note that we lack significant evidence about the magnitude of the

improvement in quality for HD-ELAARC.

Model Variables Total number | Average
P! Y 0 of variables | opt. gap

HD-ELAARC | 2. V) [ S0 >, XU Dy~ + Wi [ X, _, S2 DY~ | O(LN*T?) N/A
ELAARC2 [,V S XD+ WE S™D" O(LN?T) | ~0.14%
LAARC2 |5V} S XDy + W 0 O(LN?T) | ~0.15%
AARC S Y S XL DE+ W 0 O(LN?T) | ~1.17%
RFVB2 | Y V! [ XD + X DI + W, 0 O(LNT) | ~0.40%
RFVBL [5.,Y] X DI+ Wi 0 O(LNT) | ~1.77%
FVB P! X! D 0 O(LNT) |[~15.97%

A side product of our analysis is to have identified conditions under which full flexibility is not

necessary in order to obtain a solution of the best quality possible. This is summarized in Table 15.
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Table 15 Conditions for approximation models to identify optimal robust strategic decisions

Condition | RC | FVB | RFVB1 | RFVB2 | AARC | LAARC | ELAARC | HD-ELAARC
=0 X X v v v v v v
r=1 X X X X X v v v
I'=N v X v v v v v v

Finally, our numerical study compares the performances of the proposed approximation models in
terms of sub-optimality of the approximate robust solution, resolution time, achievable risk-return
trade-off, and structure of optimal robust decisions.

Although our work focuses on a location-transportation problem, we expect our methods to be
applicable to many other multi-stage robust optimization problem with right-hand side uncertainty
that appear in the field of transportation, such as network transportation problem, (e.g. Atamtiirk
and Zhang (2007)), supply chain network design problem, (e.g. Tsiakis et al. (2001)) and hub
location-transportation problem (e.g. Oktal and Ozger (2013)).

As a closing remark, one extension of our models that is worth mentioning arises in situations
where some facilities may be shut-down due to a disruption such as a natural disasters. While we
refer the reader to An et al. (2014) and references therein for more details on location reliability
problems, a simple approach consists of considering a set of binary parameters ’yj» which indicates
whether facility j is shut-down at time ¢. One can then replace the maximum production constraint
in problem (4) with P! < (1—+!)Z;, Vi, and consider the profit for each period to be a function of I,
Z, D', and ~'. If one assumes that the vector of disruption v lies in a budgeted uncertainty set that
is independent from the budgeted uncertainty set used for D, then since h,(I,Z, D*,~") is concave
in 7" for any fixed values of I, Z, and D!, one can actually relax v to be a vector of fractional value
without affecting the model and then employ any version of our different form of adjustments. For
instance, an AARC model would employ the transportation policy Y := (X},)" D" 4 (O%,) "+ + W},.
Alternatively, an ELAARC approach might also employ affine adjustments for penalized excess
variables that are used to relax the production constraints. It remains unclear however what might
be sufficient conditions for any of these conservative approximations to return exact solutions in

this context.

Endnotes

1. While sources of uncertainty other than demand might affect the performance of facility loca-
tion decisions and it might be interesting to account for them, in this paper we focus on demand
uncertainty as we expect it to have the most impact on the quality of the decision that needs to be
made. See for instance Delage et al. (2014) where the authors argue that simply using the expected
values of parameters that appear in the objective function already generates solutions that can be

considered robust for such multi-period problems.
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2. Note that in this paper we will consider a model to be tractable if it can be reformulated as a
mixed integer linear program of finite dimension.

3. The column and constraint generation algorithm proposed in Zeng and Zhao (2013) was imple-
mented using the two-stage representation of our multi-period problem where the recourse problem
takes the form presented in (14) and exploited a reduction that relies on the one sided uncertainty

set presented in Ds.
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Appendix A: Analytical solutions to RC and FVB models in Example 1

For the box uncertainty set, the RC model (2) takes the following form

mﬁ?}r}ﬂl}i}m Z Z(n —d;)Y;; —cP—(CT"Z+K™I) (19a)
i

subject to ZYU <D;—-D;,Vj (19Db)

> Y, <P.Vi (19¢)

Png,ZSMI (19d)

Y >0,,1€{0,1}%, (19€)

In the optimal solution of RC model (19), the value of Y;; is equal to zero, since nn —¢; — C; —d,;; <0, for all
i and j where i # j and is equal to D; — ﬁj = 10000 — 5000 = 5000 for all ¢ and 7 when i = j. In sequence,
the optimal value of variables P;, Z; and I; are equal to 5000, 5000 and 1 for all ¢ respectively. Therefore the
optimal value of problem (19) is equal to 1000. On the other hand, the FVB model (5) with box uncertainty

set takes the form as

m?:;(})r(r}li)ze ZZ(n —dy;)(D; — D)X, — ZciPi —(C"Z+K"I) (20a)
i g i

subject to ZXU <1,Vj (20b)

> (D;+D;)X; <P, Vi (20c)

Pji <7, Vi (20d)

i3 =0,Yi,Vj (20e)

Z,<MI,, T€{0,1},Vi. (20f)
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Similar to what we conclude above, the optimal solution has X;; =0 for all ¢ and j when 7 # j. The optimal
value of variable P, is equal to (D; + bl)X” for all 4 and the optimal value of variable Z; is equal to that of
variable P; for all i. Therefore, the objective function (20a) can be reformulated as

where the last inequality comes from ) X;; < 1. Therefore the optimal value of problem (20) is equal to
zero in this example.

Appendix B: Selecting large enough B for problem (10)

LEMMA 1. For any I, Z >0, D* >0, the optimal value of problem (10) is equal to the optimal value of
problem (4) when B; =max;(n—c¢; —dy;), Vj.

Proof:  First, as was argued earlier, in problem (4) there is always an optimal solution for which constraint

(4c) is tight. This implies that the optimal value of problem (4) is the same as in

ho(I,Z,D") = max ZZ )Y}, (21a)

subject to ZYt <D}, (21Db)
ZY;;SZ,VZ (21c)
Y'>0. (21d)

Now, given that this problem is feasible, strict duality applies so that its optimal value is equal to the optimal

value of the following problem:

h(I,Z,D") Zzewzpw (22a)
subject to 9;—1—)\; Zn—dij —¢;, Vi, V] (22b)
X' >0, 0" >0. (22¢)

where X' € RY and 6" € R” are dual variables for (21b) and (21c) respectively. It is implied from problem
(22) that there is an optimal solution for which A’ is smaller or equal to max;(n — ¢; — d;;) for all j and
t, therefore one can add to problem (22) the constraint that A’ < max;(n —¢; — d;;) without affecting its
optimal value. By applying duality theory a second time, one can easily confirm that he obtains exactly
problem (10) with max,(n— ¢; —d,;) in place of every B;. Hence, this completes the proof. O
Appendix C: Proof of Theorem 1

C.1. Proof of case C' =0

First, if all C; =0, then it is necessarily the case that all Z;’s can be as large as M ;. Next, we replace
variables Y} with X[ D! and P/ with >° D7 X}, in the recourse problem (4) which makes the recourse

) VA 4

problem equivalent to

ho(I,MI,D") := max ZZ )X, D! (23a)
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subject to ZX* <1,Vj (23b)
ZXi D! < MI,, Vi (23c)
Xf] >0, (23d)

where Xt € RE*Y are the new decision variables for the ¢-th period. Constraint (23c) can be replaced by

since (23c) implies that there can be no shipment when binary variable I; is equal to 0 and otherwise the

shipment can be as large as M. Therefore, the objective function of the MRLTP can be reformulated as

anei% max Z Z Z i) XD} (25a)

subject to ZX <1,Vj,Vt (25Db)
Xt <I, Vi, Vj,Vt (25¢)
X'>0,Vt. (25d)

Since both feasible sets for D and X are compact, based on Sion’s minimax theorem, we can reverse the
order of minimization over D and maximization over X, therefore problem (3) with C'=0 can be reduced

to

ma;ilmlze —KI +min Z Z Z )X}, D; (26a)

DeD
subject to ZX? <1,Vj,Vvt (26b)
ij <I,,Vi,Vj,Vt (26¢)
X'>0, vt (26d)
1€{0,1}". (26¢)

where X* € RE*Y. Note that problem (26) is equivalent to the RFVB1 model when W is fixed to zero in
the later one, hence RFVBI necessarily achieves an optimal value that is larger since it optimizes over W.
Given that Proposition 2 states that REFVB1 optimizes a lower bound on worst-case profit, it is clear that

the two models are therefore equivalent. Finally, following Corollary 1, all tighter approximation models are

also equivalent to MRLTP. [

C.2. Proofofcase'=NT

We recall the following theorem from (Ben-Tal et al. 2004).

THEOREM 3. (Ben-Tal et al. 2004) The adjustable robust counterpart of two-stage robust optimization
problem is equivalent to its RC approximation when the uncertainty affecting every one of the constraints is

independent of the uncertainty affecting all other constraints (constraint-wise uncertainty).
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For any fixed I and Z the optimal value of the RC model (2) can be obtained by solving the following

problem:

fro(I,Z) == max ZZZ” i)Y —c"P,— (CTZ+ K1)
subject to ZY%SD;,VDED,VJ,VIS
ZYZ.;.gP;,w,Vt
J
P'<Z Vit

Yt>0,Vt.

Noting that in this problem, when D is a box uncertainty set, the uncertainty does decompose constraint-
wise. Hence, according to Theorem 3, the optimal value of this problem is equal to the optimal value of the

following “wait-and-see” problem:

max ¢(I,Z,D)

DeD

where

g(I,Z,D):= max ZZZW dij) ”70 t,(CTZJrKTI)
subject to ZYZESD}VLVt
ZYt<Pt V't
Pth,Vt

Yi>0,Vt.

In this problem, all decisions are made once all the information about D is obtained. This necessarily leads
to an optimal value that is larger than if each (Y, P*) was adjusted only based on the realized D*. We thus

conclude that

Jre(I, Z) < furure (1, Z) < Iglea%{g(l, Z,D) = frc(I,Z).

Furthermore, based on Corollary 1, RFVB1, RFVB2, AARC, LAARC, ELAARC are optimal in this case

and equivalent to the following formulation:
s _Ad.. _ . t T T
maximize ;ZZ(n dij— )Y, —(C"Z+ K1)
i g
subject to ZYZ <D!— ﬁ;7 Vi, Vt
S V<7, Vi, vt

Y>0,I€{0,1}*. O
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C.3. Proofofcasel'=1

We start by demonstrating that each h;(I, Z, D) is a concave function of D*.

LEMMA 2. Let g:R™ — R be a function defined as

- T
g(x): max c'y

subject to Ay <=z

yely,

where y € R™, for some ¢ € R™, some A € R™*"™ and some compact convex set Y C R", and where infeasibility

of the optimization problem is interpreted as returning the value —oo. Then, g(-) is a concave function.

Proof: Consider two assignments z; and x5 for which g(x;) and g(x2) are finite valued, we should show
that g(6z1 + (1 —0)xs) > 0g(x1) + (1 — 0)g(x2). To do so, first consider that since g(-) is finite valued at z;
and x> and since ) is compact, there must exist some assignments y; and y, that respectively achieve the

optimum of the optimization problems associated to g(z1) and g(x2). Now consider the following:

g0z + (1 —0)xs) = sup{c'y:y €Y, Ay <0z, + (1 —0)zy}

v

Oy + (1= 0)y2) = 0" yr + (1 —0)c"ys

Osup{c’y:ye Y, Ay<z1}+(1—0)sup{c"y:y eV, Ay <z,}

= 0g(z1) + (1 = 0)g(z2),

where we used the fact that y:=0y; + (1 — 6)y- is a valid assignment in the first supremum operation since
Y is convex and A(fy; + (1 —0)y2) =0(Ay1) + (1 —0)Ays <Ox1 + (1 —0)as. O
Since the function ), h,(I,Z, D") is jointly concave in D and the budgeted uncertainty set is polyhedral,
a worst-case demand necessarily occurs at one of the extreme points of D. There are 2NT + 1 extreme points
in D when I'=1: i.e., the nominal demand as the first extreme point, in other extreme points all customers
demand get their nominal value for all periods except a single customer location at a single time period
where the demand can be either equal to its largest amount or lowest amount. Let us identify each of these
extreme point as {(D*)"7} yeq with Q:={0,1,...,2N} x {1,...,T} and where:
D! I=0orT#t
(D)= D'+eDy  1=1,...,N ,
Dt—e_yNDi_y I=N+1,...,2N
with e; as the vector of size N with all elements equal to 0 except for the I-th element which is equal to 1.
Therefore, for some fixed I and Z and when the budget is equal to one, the optimal value of the MRLTP
model is equivalent to

Surure (1, Z) = max th(I,Z7Dt).

De{D"M Y e S
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Following this argument we have that

furre (1, Z) = H;/?JLX pP— Z(Oizi + K1) (27a)
subject to p < ZZ Z(n —di; — ci)(Yig)(l’T) V(l,7)eq (27b)
t i j
S <z, Vi, V(1 T) eQ (27¢)
J

> () < (DY, V4,V (1,T) €Q (27d)

(Y)E) >0,V V5, V(,7)€Q (27e)

(Y0 = (V5O Vi, Vi, V(1) €Q, VE#T, (27f)

where (Yig)(“) € R is the recourse decision when scenario (I,7) occurs, and where the last constraint captures
the fact that in the MRLTP model, the decisions for each Y* only depend on D* so that the transportation
decision should be the same for all vertices where D' = 0. After replacing the variables (V)" := (Y},)("") =

(V)0 Vi 7, we alternatively obtain:

Furcre(I,Z) = max p—3 (CiZi+K.L) (28a)
subject to
p<2. 2.2 n—diy—e)¥P+3 3 (n—dy—e)(¥)?, V(Lr) R  (28b)
t#T 1 j i j
> (VHV<Z, Vi, Vi, VI=0,...,2N (28¢)
J
S YOO < (DY V5,V VI=0,...,2N (28d)
(VH)D >0,Vi,¥j,Vt, ¥I=0,...,2N . (28¢)

Given that in the LAARC model the objective function and each robust constraint involves expressions
that are linear in D, a similar argument as above can be used to also reformulate this model in terms of

vertices of the budgeted uncertainty set. This leads to the following problem
fraarc( ) X P Z( )

subject to
P DY (n—diy—c)(XG)T(DH)ED 4 (XI)T(DT)ED + W), Y (1,7) €9
t i g

D (XEHTDHED 4 (XD + W) < Zi, Vi VY (L) €9
J

D (XEHT(DH ) 1 (XD + W) < (D)), V5, Ve, Y (1 T) €
(XD + (X)) (D) + W20, ViV, V(1) €Q,

where we characterized the extreme points of D, as
(0,0) ift#7o0rl=0
(D)D) (D)YEDY =L (e,D,,0) ift=randl=1,...,N
(0761—NDZ) lft:Tandl:N+1,,2N

)
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and with (D!)®7) := D, + (D07 — (i) 6o,
By exploiting the definition of each (D*)(7) one can show that the equation above reduces to

fuasnc(I,Z)= max  p—> (CiZi+K.IL)

Xt X7, W,p

subject to
P33 iy =) (XY (DT 4+ (KT (D) )

+(n —dij — c)) W,

15

YV(l, 7)€
S (XD 4 (XE)T(D) I + W < Z, Vi, VE, VI=0,... 2N
J

D (XD + (X) (D)) + W < (DU W,V VI=0,...,2N

(XENOT(DHED (XD + W > 0,4, V45, VI=0,...,2N .
and further manipulations leads to

fraarc(,2) = max p—z (CiZ;+ K, 1) (30a)

xt. x— ,w,p

subject to p < Z Z Z )W} (30b)

P33 3 =y e Wiyt dyy — ) XGEDL, {:’j:}:j:ﬁ (300)
p<zzz YWE + (n— dyy )X;kD;,{zizt::::éY (30d)
ZWf < Z, Vi, Vt (30¢)
ZX”,CD,A—Wt <Z; Vi,Vt,Vk=1,....N (30f)
ZXWDHW <Z;,¥i,Vt,Vk=1,...,N (30g)
Zwt <D,,Vj,Vt (30h)

ZXf;;Dk + W, <D;+Dylymy, Vi, Vt,Vk=1,...,N  (30i)

ZX”,CD,C—H/V’S <D;—Dylgjmpy, Vi, Vt,Vk=1,....N (30j)

W;;zo,w,w,w (30Kk)
ij,;Dk+Wf.EO,W,Vth,Vk:l,...,N (301)
X”ka—i-W >0,Vi,Vj,Vt,Vk=1,...,N, (30m)
where we made use of the fact that
Wi, ift#7o0orl=0
(X;;»)T(D‘F)(lﬁ)+(Xit]f)T(D*)(l,T)+W;j: Xfszl‘f‘Wij ift=7randl=1,...,N )
ij_(l N)DZ_NJrWij ift=7and=N+1,...,2N
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In problem (30), we next reformulate the decision variables W, X”l and X, 5 as follows

WL = Yo, Vi, V4, Vt,

Yt — V!
Xty Zik 40 gyt Wk=1,...,N,

’ij
k

vt vt
Xt — SR 90 i g vk =1,...,N.
k
Therefore, problem (30) can be reformulated as

foaarc(I, 2) = max p—z (CiZ; + K, I) (31a)
subject to p<zzz ZN—FZZ ”l,V(l,T)EQ (31b)
t#AT i

Z}ggl<z Vi, Vt,V1=0,...,2N (31c)

Z)ggl<DJ,vg Vi (31d)

Z Vi <D;+ Dyl , Vi, Vt,¥i=1,...,2N (31e)
Z)g;lng—[Djhj:l,m,w,Vt,v1=N+1,...,2N (31f)

ZJl>0 Vi, Vj,Vt,Vl=0,...,2N. (31g)

A careful comparison of problems (28) and (31) can confirm that these are the same so that they will return

the same optimal value and identify the same set of optimal solutions for Z and I.
Appendix D: Proof of Theorem 2

We first derive the robust-counterpart of constraint (12b) as

HSGRNXT,TTLERNXNXT,

ZWifj+F3t+th <D;,,Vj,Vt (32a)
st+m', > D, 1—5*—+Z L)Y, vt (32b)
S+ miy > Die Y Xy, Vi, Vh# ], Vit (32)
§>0,m>0, (32d)

where Vk refers to Vk =1,..., N as will continue to be the case below. The condition described in (32a)-(32d)
can be considered equivalent to the original constraint given that strict duality applies since D3 is non-empty
when I' > 0.

Similarly, we can derive the robust-counterpart of constraint (12¢) as
H’U/ c RLXT vE RLXNXT
Zwi%,.+ru;f+2vfkgzi,w,\1t (33a)
J
ul + vy, > f);ZXf;k Vi, Vk, Vit (33b)

J

u>0,v>0, (33¢)
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and the robust-counterpart of constraint (12d) as

3.’1,' c RLXNXT’y c RLXNXNXT,

_W¢Z‘+Fx§j+zyfjkSOvViavjth (34a)
k

@l i = —DLX 0 VYL YR (34b)

r>0,y>0, (34c)

and finally, the robust-counterpart of constraint (12e) as
S71>0,V4,Vt. (35a)

Therefore the reduced ELAARC can be reformulated as

maximize  min g g E (m—di —c)( E XDy + W)
1,Z,X~ ,W,S~ D~ €D3 - -
§,Mm,u,v,x,Yy t g J k

—(CTZ+K"I)=Y Y B;SI D! (36a)
(32a) — (32d), (33a) — (33c), (34a) — (§4c) , (35a) (36h)
Z<MI, I€{0,1}*. (36¢)

Since D3 is compact and convex, one can apply Sion’s minimax theorem to reverse the order of maximization
over {X~,W, S5, s,m,u,v,z,y} with the minimization over D~ and then replace the inner maximization by
its dual minimization problem. The dual minimization problem joined with the minimization with respect

to D~ leads to the following optimization model

min *(CTZ“FKTI)+ZZZieit+Zz)\thjt7ZZAjﬁ‘Djt
t i t g t g

subject to 0] + A, =l =n—c; —d;;,Vi,Vj,Vt

> Ol <TI0, 0., <0!,Vi,Vk, vt

k

D AL STALAL <AL <Bj6 Vi,V Vit
k

oW, ST, WL, <l Vi, VL VE, Y
k

RS ) S,
t g
A>0,A>0,0>0,0>0,¢>0,0>0,

where A € RV*T A € RVXNXT g ¢ REXT @ € REXNXT | o) € REXNXT and ¥ € REXNXNXT are the dual
variables associated with constraints (32a), (32c)-(32d), (33a), (33b), (34a), and (34b) respectively.

Next, one can further reduce this optimization problem by replacing ¢}, = 0} + X! — (n — ¢; — d;;) and
Wi, =04 + X, —(n—c; —dy;)d, everywhere and obtain the model presented in the theorem. It is worth

emphasizing that this replacement of variables reduces the rate of growth of the total number of decision

variables of the model to O(LNT) instead of O(LN?T). O



