This is the Pre-Published Version.

This is the accepted manuscript of the following article: Li, Y., Shu, J., Song, M., Zhang, J., & Zheng, H. (2017). Multisourcing supply network design:
two-stage chance-constrained model, tractable approximations, and computational results. INFORMS Journal on Computing, 29(2), 287-300, which
has been published in final form at https://doi.org/10.1287/ijoc.2016.0730

Multi-Sourcing Supply Network Design: Two-Stage
Chance-Constrained Model, Tractable Approximations, and

Computational Results

Yongzhen Li * Jia Shu f Miao Song ¥ Jiawei Zhang ¥ and Huan Zheng ¥

January 12, 2017

Abstract

In this paper, we study a multi-sourcing supply network design problem, in which each re-
tailer faces uncertain demand and can source products from more than one distribution center
(DC). The decisions to be simultaneously optimized include DC locations and inventory levels,
which set of DCs serves each retailer, and the amount of shipments from DCs to retailers. We
propose a nonlinear mixed integer programming model with a joint chance constraint describ-
ing a certain service level. Two approaches — a set-wise approximation and a Linear Decision
Rule-based approximation — are constructed to robustly approximate the service level chance
constraint with incomplete demand information. Both approaches yield sparse multi-sourcing
distribution networks that effectively match uncertain demand using on-hand inventory, and
hence successfully reach a high service level. We show through extensive numerical experi-
ments that our approaches outperform other commonly adopted approximations of the chance

constraint.
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1 Introduction

The globalization trend has significantly changed both the supply chain structures and the oper-
ations in many industries. Supply chain networks have become more complex and usually cover
thousands of retailers located in different continents. Meanwhile, the demand faced by each retailer
fluctuates, making it difficult to predict due to consumers’ fast-changing tastes and fierce market

competition. These issues raise challenges regarding how to design and manage distribution center

networks to meet customer requirements in a timely and efficient manner.
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Source: Aberdeen Group, April 2007

In 2007, Aberdeen Group conducted a survey on the operations of 146 multi-site distributors
(cf. Aberdeen Group, 2007). They noted that almost two thirds of the companies surveyed could
not effectively manage their distribution networks, and thereby simultaneously suffered high op-
erational costs and low service levels. Only a few “Best-in-Class” companies can provide superior

service levels without increasing costs. These successful companies share the following common

characteristics:

“Best-in-Class” companies are more capable of managing orders and distributions.

e They tend to be equipped with more order-splitting capacity;

e They prefer “filling customer orders from the DCs that are overstocked”;

e They build centralized computing systems to practice “Vendor Order Splitting”.




Obviously, these “Best-in-Class” companies are able to apply the multi-sourcing strategy, which
allows them to manage their distribution networks effectively.
The benefits of adopting the multi-sourcing strategy are further illustrated by the following

example.

Example 1 Figure 2 shows two distribution networks with 10 retailers labeled from A to J and 4
DCs labeled from DC1 to DCJ. The locations of the retailers and the DCs are randomly generated
in a unit square. The service radius of each DC' is set to be 0.5, i.e., a DC can serve a retailer only
if the distance between them is less than 0.5. The boundary of the service region for each DC' is
represented by a dotted circle. If a retailer is served by a DC, an arc links the DC and the retailer.
Figure 2A is a single-sourcing network in which each retailer can only source products from a single
DC to fulfill its demand, whereas Figure 2B corresponds to a multi-sourcing network in which a DC

serves all the retailers within its service radius.
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Figure 2: Example 1

Let the tnventory levels at the 4 DCs be 500, 400, 400, and 100, respectively. Suppose the demand
faced by any retailer follows a uniform distribution in the interval marked next to the retailer. We
generate 100 demand scenarios to evaluate the performance of the two networks. For each scenario,
the amount of satisfied demand can be obtained by solving a simple maz-flow problem. The average

service level is calculated as the average ratio of the satisfied demand to the total demand.



The simulation shows that the average service level of the multi-sourcing network is 99.99%,
whereas that of the single-sourcing network is only 93.72%. To achieve the same service level as the
multi-sourcing network, we need to increase the total inventory level of the single-sourcing network
from what it currently is, 1400, to almost 1700, which is the sum of the demand upper bounds for

all retailers.

The above example demonstrates that a properly designed multi-sourcing network achieves a
high service level (close to 100%) with low inventory. Moreover, the effort required in managing the
multi-sourcing network is moderate because the network only contains 19 links and each retailer is
covered by, at most, 2 DCs.

Motivated by these observations, we explore how to design a multi-sourcing network, which
requires careful handling of the following factors: (1) DC locations, (2) DC-retailer assignments,
and (3) inventory level at each open DC. The first two factors determine the network structure,
while the last one affects the service level. In this paper, using a chance constraint to ensure a certain
service level, we propose a robust multi-sourcing supply network design model that simultaneously

considers the above three factors. Moreover, the model possesses the following distinct advantages:

e Our model adopts a flexible order splitting strategy. A demand node can arbitrarily split its
order and dynamically source the replenishment from the linked supply nodes according to
the realized demand. This strategy is efficient and flexible as it can match random orders
with fixed inventory in an online fashion and fully utilize the benefits of a multi-sourcing

network.

e Our model does not require complete demand distribution. In practice, demand distribution
is usually difficult to predict and the estimation is often unreliable. Instead, this model
designs a robust distribution network based on mean and interval (i.e., the lower and upper
bounds) demand, which can be obtained from historical data. The demand interval can also

be adjusted to decision makers’ risk preferences.

There is an extensive body of literature on location—inventory supply chain network design that
aims at integrating the facility location, transportation, and inventory replenishment decisions into

a distribution network design problem (see, e.g., Daskin et al. 2002, Shen et al. 2003, Teo and



Shu 2004, Shu et al. 2005, Aboolian et al. 2012, Li et al. 2013, and the references therein). These
problems are NP-hard because they take a well-known NP-hard problem — the uncapacitated
facility location problem (UFLP) — as a special case. Numerous studies focus on constructing
effective approximation algorithms for the UFLP. For example, some constant factor approximation
algorithms for the UFLP and its variants are proposed by Mahadian et al. (2006) and Zhang
(2006). The aforementioned location—inventory supply chain network design models also inherit
the single-sourcing characteristic from the UFLP, i.e., each retailer can only source products from
a single DC. Single-sourcing networks possess practical advantages such as better quality control
and reduced management and coordination complexity. However, as Aberdeen Group (2007) and
Ozsen et al. (2009) show, multi-sourcing networks have become a better option in most contexts,
due to state-of-the-art information technology.

Despite its successful implementation in industries, the literature on multi-sourcing supply chain
network design is inadequate, as it has not kept pace with the interest and propagation of real-world
installations. Thus, advances in the relevant research are particularly important in supporting the
management of such systems. Recently, a few pioneers have begun to explore this area (cf. Ozsen
et al. 2009 and Agrali et al. 2012). Ozsen et al. (2009) propose the first multi-sourcing location—
inventory model in the literature, which extends their earlier work (Ozsen et al. 2008) on the
capacitated joint location—inventory problem. They motivate multi-sourcing by assuming that
each facility is capacitated and analyze the potential savings that can be achieved. Using a set of
computational experiments, they conclude that significant cost savings can be attained with only
a few multi-sourced retailers. Based on the joint location—-inventory model in Shen et al. (2003),
Agrali et al. (2012) also propose a multi-sourcing variant by considering continuous DC-retailer
assignment variables and imposing an upper bound on the number of DCs to serve each retailer.
The numerical results show that the cost of the single-sourcing supply chain can be 7% higher than
that of its multi-sourcing counterpart. Note that the models in Ozsen et al. (2009) and Agral et
al. (2012) fix the order-splitting pattern for all demand scenarios (static sourcing). Our model is
different from these works as it allows for a flexible order-splitting pattern (dynamic sourcing). In
addition, Ozsen et al. (2009) consider a capacitated location—inventory model, which requires a
multi-sourcing network when a DC does not have enough capacity to fulfill a retailer’s demand. In

contrast, our model can obtain a multi-sourcing network with uncapacitated DCs.



Our model uses a joint chance constraint to meet a certain service level. We refer to the clas-
sical references, e.g., Prékopa (1995), Prékopa (2003), and Shapiro et al. (2009), on the topic
of chance-constrained programming. Under a multivariate Gaussian distribution, the chance con-
straint considered in this paper could be treated, for instance, by the approach proposed in Henrion
and Moller (2012), and the joint chance constraint obtained by applying the linear decision rule can
be solved by the derivative formula in Ackooij et al. (2010). In addition, if a joint chance constraint
is decomposed into a set of individual chance constraints, it can be trivially reformulated as explicit
constraints (using quantiles) for many distributions (e.g., normal, exponential, or ¢-distributions).
Unfortunately, none of these approaches can be applied to our model, as we do not assume any
specific demand distribution. Instead, we approximate the chance constraint based on the idea of
robust optimization, which has been demonstrated to be a very powerful technique for tackling
mathematical programs under uncertainty. The important early works and recent developments
have been contributed by Soyster (1973), Ben-Tal and Nemirovski (1998, 2000), Ben-Tal et al.
(2004), Bertsimas and Sim (2003, 2004), Bertsimas et al. (2004), etc. Robust optimization has also
been widely applied in supply chain management, cf. among others, Bertsimas and Thiele (2004),
Erera et al. (2009), See and Sim (2010), Klabjan et al. (2013), and Shu and Song (2014).

The remainder of this paper is organized as follows. In section 2, we propose our robust multi-
sourcing supply network design model. Two conservative approximations, i.e., the set-wise and
Linear Decision Rule-based (LDR) approximations are presented in sections 3 and 4, respectively.
Sections 5 and 6 demonstrate the effectiveness of the approximations through comparisons with
the convex, Chebyshev, and sample average approximations using extensive computational experi-

ments. Finally, we conclude the paper in section 7.

2 Model Formulation

Consider a set of demand nodes denoted by R and a set of potential supply nodes denoted by W.
A demand node stands for a retailer that faces uncertain demand and a supply node stands for a
potential location to set up a DC. We want to (i) choose proper supply nodes from W to set up
DCs, (ii) select DCs to serve each demand node, and (iii) determine the inventory level at each

DC. The notations and decision variables are defined as follows.



Notations

Cz'j
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U
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The fixed cost of setting up a link from supply node ¢ to demand node (retailer) j,
Vie Wand j € R

The per unit delivery cost from supply node i to demand node j, Vi € W and j € R
The fixed cost of setting up a DC at supply node i, Vi € W

The per unit inventory holding cost at supply node 4, Vi € W

The demand realization of demand node j under the demand scenario w, Vj € R,
where w is in the set

The mean of the random demand faced by demand node j, Vj € R

The upper bound of the random demand faced by demand node j, Vj € R

The lower bound of the random demand faced by demand node j, Vj € R

Decision Variables

The inventory level at supply node ¢, Vi € W

X;j = 1if supply node i is linked to (can serve) demand node j, and X;; = 0 otherwise,
Vie W,jER

Y; =1 if a DC is open at supply node i, and Y; = 0 otherwise, Vi € W

The amount of shipment from supply node ¢ to demand node j, Vi € W,j € R

Furthermore, we denote I, X, and Y as the vectors of I;, X;;, and Y;, respectively. Any feasible

(I, X,Y) should satisfy (I, X,Y) € E where

—
- e
ot

{(I,X,Y) ‘ Xy <Y, I < MY;, I, > 0,Y; € {0,1}, X;; € {0, 1}, Vi € W, j eR}.

Here, M is a big constant (e.g., we can set M = JER DJU) The first two constraints ensure that

each demand node can only be served by open DCs and only open DCs can hold inventory. The

other constraints are standard non-negative and binary constraints.

Given the decisions (I, X,Y), we can define the following set of demand scenarios where all the

demands can be fulfilled by on-hand inventory:

A=<we EIGU 0 < Gij < Mz{inj?Zeij < Ii,ZGU > Dj(w), VieW,j€R ;,

JER ieWw



in which Mi'j is a big constant (e.g., we can set Mz-'j = DJU) With the above notations, we formulate

the robust multi-sourcing supply network design problem as follows:

Prob(A) > 1 — e,
Zg=min{ S L+ fiYi+ 303 e Xij + B [QIL X, w) ob(d) =1 =e L)

iEew iEew iEW JER (LX,Y)cE

where Q(I, X, w) is defined as

Q(I, X, w)=min Z Z tij0ij | 0 < 03 < MJ; X35, Z 0;; < I, Z 0;; > D;(w), VieW,j €R ¢,

iEW jER JER iEW
ifwe A; QI,X,w) =0if w ¢ A. In model (1), Prob(A) > 1 — € is a joint chance constraint
ensuring that all the demands must be satisfied with a probability of at least 1 — e, where € is a
small non-negative number in (0,1). 1 — € can be interpreted as the service level of the distribution
network. In the definitions of A and Q(I, X,w), the constraints guarantee that each supply node
can only ship products to the linked demand nodes, the amount of shipment from each supply node
cannot exceed its available inventory, and the demand at each demand node must be satisfied,
respectively.

In certain circumstances, e.g., disaster relief planning, the expected delivery cost E,, [Q(I, X, w)]
is approximately zero due to the extremely low probability of a disaster occurring. Furthermore, in
these applications, the delivery has a tight time window, and so the links should be chosen based
on the consideration of the distance, reliability, suitable transportation mode, etc. In contrast to
the low frequency of actual delivery, the cost of setting up links becomes dominant. Hence, it is
reasonable to approximate the total cost by ignoring the expected delivery cost E,, [Q(I, X, w)]. In

this case, model (1) is reduced to

Prob(A) > 1 — e,

Z{ = min Z hiIl; + Z fiYi + Z Z cij Xij . (2)

iew iEew iEW JER (LX,Y)cE

In section 3, we ignore the expected delivery cost in the objective function and derive the set-wise
approximation for model (2). This assumption of zero expected delivery cost is relaxed in section

4, where we show how to address model (1).



3 Set-wise Approximation for the Model without Delivery Cost

As a variant of the UFLP, model (2) is an NP-hard problem. In addition, evaluating a joint
chance constraint is usually very difficult. For instance, Nemirovski and Shapiro (2006) show that
assessing the distribution of a weighted aggregation of independently uniformly distributed variables
is already NP-hard. Hence, we focus on constructing a conservative approximation for model (2).

First, we show that the chance constraint in model (2) can be reformulated as follows.

Proposition 1 The chance constraint Prob(A) > 1 — € is equivalent to

Probq» Djw)< Y I, VSCRp>1—¢ (3)
jes i€l (X,9)

where T(X,S) := {i € W | X;; = 1 for some j € S} for any X € {0, 1}VXIRl and S C R.

Proof. It is a variant of the max-flow min-cut theorem. D

The definition of I'(X,.S) implies that any supply node in I'(X, S) can be used to serve some
demand nodes in set S, i.e., I'(X,.S) is the set of supply nodes linked to the demand nodes in set
S. Consequently, constraint (3) indicates that for all subsets S C R of the demand nodes, the
linked supply nodes should have sufficient inventory to satisfy the total demand of S with a joint
probability of at least 1 — €.

Unfortunately, constraint (3) is still hard to solve because it needs to evaluate the probability
that 2/®l inequalities hold simultaneously. To make the problem tractable, we propose a set-wise
approximation that considers only one or a few subsets of R when determining the joint probability
on the left side of (3). We can further show that for a single subset, the aggregated inventory level
at its linked supply nodes can be determined by Hoeffding’s inequality (cf. Hoeffding, 1963). These
results lead to Theorem 1, which provides a conservative set-wise approximation for the chance

constraint Prob(A) > 1 —e.

Theorem 1 Consider a system with a set of demand nodes (R) and a set of potential supply nodes

(W). Each demand node j € R faces a random independent demand D;(w) bounded in [DJ-L,DJU]



with mean pj. Given the sets S',...,S' C R, if (I,X,Y) € E satisfies

(

ZjGS Dij
TI(e/l,8") = X515 Df + X jes\s1 DY
min TI(E/Z, 82) — ZjESZ\S DJL + ZjES\S2 D]U, < Z I;, VS C R, (4)

i€l (X,S)

(Ine) ZjeS(DJU — DJL)2
ZMJ \/ 2

JES
for any e € (0,1) and S C R, then (I, X,Y) is a feasible solution to model (2).

where

Proof. This theorem is proven in two steps: (i) For any scenario w such that }; q. Dj(w) <
TI(e/l,S*) for all kK = 1,...,1, the solution (I, X,Y) satisfying (4) can always fulfill the demand.

(ii) The probability that >, gx Dj(w) < TI(€/l,57) for all k =1,..., 1 is at least 1 —e.

Step 1: (I,X,Y) satisfying (4) can fulfill the demand if ) Dj(w) <TI(e/l,S*) for all

jesn
k=1,..,1.
By Proposition 1, it is equivalent to show that Z(S) < >_,cp(x g Ii for any S C R, where Z(5) is

defined as
Z(S) = max } gD,

st Y jese Dy S TI(e/L,S7), Ve =1,...1,
D} <D; <DV, VjeR,
D; >0, Vi €R.
The first constraint in model (5) can be relaxed as
Y Dy <TI(e/l,S")~ >  D;<TI(/l,8")— > Df Vs=1,...1,
jeESNS*H JESH\S JESKE\S

and we get an upper bound of Z(S):

ZY(S) = max > ies Dj

D} <D; <DV, VjeR,
Dj >0, Vi eR.

10



The dual of ZY(S) is

ZP(8) = min e (DYay — DEB;) + Sk (TI(E/1,5%) = 3 jesmns D) s
s.t. O[] — ﬁj -+ ZH:jGSﬁSN 95 Z 1, VJ € S7
aj, By, 0k > 0, VieS k=1,...,1l

Obviously, the following solutions are feasible to Z7(S):

o 0F =0, a;f = 1 and /6’; =0,Vj € S,k = 1,...,l. The corresponding objective value is
ZjeSDjU'
o 07 = 1 for some k € {1,...,1}, 6 = 0 for all K # k, ,8;.* = 0 for all j € S, a;f =0

for all j € SN S*, and a? =1 for all j € S\ S*. The corresponding objective value is
TI(e/l,8%) = Y icoms Df + X jesise DY -

Thus,
ZjGS D‘gj)
TI(e/l,8") - D jesn\s DjL + 2 jes\st Df,
2(8) < 27(8) = 2P(S) <min{ TI(e/1,5%) = ¥ jegns DF + Yjesis2 DY, ¢ < I,

| TI(e/1,5") = Cjesns Df + Ljesyst DY

where the last inequality is yielded by (4).

Step 2: Prob {Zjesn Dj(w) < TI(e/l,8%), Yk =1, ...,l} >1—e
By Hoeffding’s inequality (cf. Hoeffding, 1963), as the random demand of demand node j is
independent and bounded in [D]L , D]U] with mean p; for all j € R, the following inequality holds

for any k =1, ...,1 and any positive ¢:

22
P 3 2= Emt 2w (g )
jess\L;

jess jESK J

The definition of T'I(e/l, S*) yields

Prob{ Y Dj(w) < TI(e/l,5%) 3 > 1~ % Ve=1,...,1,
JESH

11



and hence Prob {ZjeS~ Dj(w) <TI(e/l,8%),Vk = 1, ...,l} >1—ce D

Applying Theorem 1, we can obtain the set-wise approximation of model (2) by replacing the
chance constraint Prob(A) > 1 — e with (4). Note that the complexity of constraint (4) increases
with the increase of I. Hence, we consider the simplest case with [ = 1, i.e., S’ = R, which yields

the following corollary.

Corollary 1 Consider a system with a set of demand nodes (R) and a set of potential supply nodes
(W). Each demand node j € R faces a random independent demand Dj(w) bounded in [Df, D]U]
with mean p;. If (I, X,Y) € E satisfies

min{ Y DY, TI(e,R)=> Djs < > I, VSCR, (6)
JES j¢s iel'(X,9)

then (I, X,Y) is a feasible solution to model (2).

Interestingly, we note that inequality (6) in Corollary 1 is structurally the same as the “I-
Expander” defined in the Process Flexibility study by Chou et al. (2011). The idea of Process
Flexibility (cf. Sethi and Sethi, 1990; Jordan and Graves, 1995; Iravani et al., 2005; Chen et al.,
2015; Wang and Zhang, 2015, etc.) is adopted in manufacturing or service systems to effectively
match random supply and demand by ensuring that each production unit/server has the ability
to produce/provide multiple products/services. The 1-Expander is an elegant and novel sparse
Process Flexibility structure, which achieves the performance of full flexibility with only a small
number of links. In Theorem 1, we show how to obtain the 1-Expander based on the set-wise
approximation of the chance constraint. This provides a generalization and a new application of

the 1-Expander structure.

4 LDR Approximation for the Model with Delivery Cost

Although model (2) can fit in certain contexts such as disaster relief operations, it has limitations
when applied to other circumstances because it fails to consider the per unit delivery cost — an
important cost component in general distribution network design. In this section, we study model

(1), which incorporates delivery costs.

12



We use the linear decision rule to represent 6;; as
ti; = Z aijk(w),
keR
i.e., the amount of shipment from supply node ¢ to demand node j is a linear combination of the
realized demands at all demand nodes. Let a denote the vector of ai-“j. A(X) is the feasible region

of a given the network links X. For example, we can set
A(X) = {a ‘ — MXy; < af < MXy;, Vie W,j € R,k eR},

where af’j is forced to zero for any X;; = 0 so that a demand node can only be served by a linked

supply node. Model (1) can then be reformulated as

Zg = min Z hZIZ + Z fz)/z + Z Z Cinij + Ew Z Z Z t,-ja%Dk(w)

ieEWw iew iEW JER IEWJER KER

DjeR 2keR QZDk(W) < I VieWw
Doiew DokeR aijk(w) > Dj(w), VjieR

> afiDp(w) >0, VieW,jeR,weQ,
keR
acA(X), (ILX,Y) € E.

s.t.  Prob >1—k¢, (7)

Proposition 2 Suppose that each demand node j € R faces a random independent demand D;(w)

bounded in [DjL, DJU] with mean ;. Then, any (I,a) feasible to the following inequality system

In [W|-1 A2 .
L >3 er ZJER afj“k + \/( Ll nez) Zher =, VieW,

Air. > Y jer ali (DY — Df), Vie W,k eR,

Air, > Y jer ali (D = DY), Vie W,k € R,

— Y ker Dok + 3 er DEBS > 0, VjER,

—a + B} < Tiep al, vj € Rk e R\ {j},
—a§ + 5; < Diew azj -1 Vi €R,

ak >0, gF >0, VjER,kER,

satisfies the joint chance constraint in model (7), i.e.,

DjeR 2okeR aijk(w) <1 VieWw
Yiew Yoker @5 Dr(w) = Dj(w), VjeR

Prob >1-—e (8)

13



Proof. Obviously, a sufficient condition to (8) is

Prob{ S abDp(w) < Lip > 1- % View, (9)
JER KER | |

YD aliDe(w) = Dj(w), VjeR,we Q. (10)

i€EW EKER

By Hoeffding’s inequality (cf. Hoeffding, 1963), (9) holds if

In|W| -1 Y — dk)*

I@ZZ@ZNH\/(H‘ | ne)%’““(’k £ view, (11)
EER jER

where d% and dﬁ: are the maximum and minimum values of ZjeR aijk(w) for all ¢,k € R,

respectively. (11) can be reformulated as:

InW|—1 A?
Iizzzafjwwn\ 0O e

: 2
k€ER jER
A > af; (DY = Df), Vie W,k e R,
JER
A = ajy (D — DY), Vie W,k €R.
JER

Constraint (10) is equivalent to the following LP with the optimal value Wi >0 for all j € R:

W; = min Zk# D iew aijk + (Zz‘GW agj — 1) D;
st. DE<D, <DV, D,>0, VkeR.

Consider the corresponding dual problem:

DM; : max _ZkeRDl[sja?"i'ZkeRDlgﬁgk

o+ B < Yiewar; — 1,
ak >0, gF >0, Vk € R.

By the strong duality theorem, W > 0 is equivalent to that a feasible solution to the dual maxi-

mization problem (DM;) has a nonnegative objective value. O

Proposition 2 is crucial because it uses a tractable deterministic inequality system to approxi-

mate the joint chance constraint and avoid dealing with the random parameters.

14



Model (7) contains another constraint with random parameters, i.e.,

S ahDy(w) >0, VieW,jeRweQ.
kER
Similarly, we can rewrite it as a set of deterministic inequalities:

> " DinE+ Y Dik >0, ViewjeRr,
kER kER
—nf Ak <dlnk > 098 >0, View,jeR keR.

Consequently, we obtain the following robust LDR approximation of model (1):

Zy= wmin DL+ Y Yt YD euX 4y 0 d byakim

iew iew IEW jER iEW JER kER
st 6> Ypen Dyen b + \/(1n|w|—1n62) Leer Al e,
Air, > Y jcr af; (DY = D), Vie Wk eR,
Aig > Y er al; (DF — DY), Vie W,k €R,
*ZkeRDl(cjo‘é‘chZkeRDlgﬁjkzo’ ViR,
_a§+ﬁ§“ < Ziewafj, VieR, ke R\{j}, (12)
—od + B <Y ewal; — 1, VjeR,
— Y ker DYl + Y rer DEVE >0, VieW,j € R,
—nf 49k < ak, VieW,jeR,keR,
ak >0, gF >0, VjeR,kER,
nijO’yZZO’ VieW,jeRkeER,

ac AX), (I,X,Y) e E,

which is a Second Order Conic Program with binary variables.

5 Numerical Study for the Model without Delivery Cost

This section evaluates the performance of the set-wise approximation with { = 1 by comparing
it with three common approaches to handling chance constraints: the convex, Chebyshev, and
sample average approximations. Because the set-wise approximation with [ = 1 contains an expo-
nential number of constraints, we first develop a cutting plane procedure to solve the corresponding
optimization problem. The model formulations for the other three approaches are introduced sub-
sequently. We then report the computational results that demonstrate the superior performance of

the set-wise approximation with [ = 1.
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5.1 Cutting Plane Procedure for the Set-wise Approximation with [ =1

Consider the set-wise approximation with | = 1, i.e., model (2) with (6) replacing the chance
constraint Prob(A) > 1 — e. To represent the term ZzEF x,5)1i as a linear expression of the
decision variables I and Y, we introduce a new decision variable ¢; g for any 7 € YW and S C R,
denoting an upper bound of the amount of shipment from supply node i to all the demand nodes

in set S. Constraint (6) can be replaced by

min {Zjes DJU7TI(€7R) - ngzs } <iews, VS CR,
0<qis <1l qis <M} c5Xij, VieW,S CR.

(13)

As there are an exponential number of constraints in (13), we adopt the cutting plane proce-
dure to solve it iteratively. In each cutting plane iteration, we consider the following separation

subproblem to determine whether the solution in the current iteration is optimal:

Ziy = Join, oI —mln{ZDU TI(e,R) — ZDL}

1€l(X,S) jES Jj¢s

Obviously, the separation subproblem Z7,, can be reformulated as

2> n DV — TI(e,R) + 1—2x,),
min Z Ly — Z D]ij 42 = Z]GR j v ( Z]GR ( J) ’ (14)
yi,xjégo,l} iew jeR yi > xj, Vi€ W,j € R suchthat Xj; =1

which is readily solvable by the CPLEX MIP Solver. If ZZ,, > 0, the current solution is optimal

8
and the cutting plane procedure should be terminated. Otherwise, we identify a valid inequality
in the form of (13) associated with S* (the optimal solution to the separation subproblem in the

current iteration), add it into the master problem, and start the next iteration.

5.2 Convex Approximation

In this subsection, we formulate the convex approximation for model (2) based on the work of

Nemirovski and Shapiro (2006).
Consider the decision variable ¢; g for any ¢ € W and S C R in (13). Constraint (3) obtained

in Proposition 1 can be equivalently written as

Prob { = Y icyy @is + Xjer Di@les <0, ¥S SR, S £0} > 1,
OSqi,SSIZ'a Qi,SSMZ]‘GSXija VZEW,SQR,S#(Z),
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where Ijcs € {0,1} indicates whether j € S.
Following the procedures in Nemirovski and Shapiro (2006), the joint chance constraint in (15)

is satisfied once

€
4% JER
We then apply the Bernstein approximation of ambiguous chance constraint proposed by Ne-

mirovski and Shapiro (2006), and obtain the convex approximation of constraint (16) as follows:

2IRl —1
foot Cmifss+ [2m () T g, <0. vsCRis 20,

JER JER

Z(Mj—DjL) DY + DF DU — DL

bi=—por—pe b fso= > ——  Lies - > s, fsi= 5 *Tjes-
j J jER iew

The convex approximation of constraint (16) is further simplified to

Zuj N In(2IR| —21) —1Ine Z (D]U _ DjL)Q - Z ¢i,s <0, VSCR,S#0.
ies jes iEW

Obviously, the convex approximation also transforms the joint chance constraint into an ex-
ponential number of constraints, which share the same structure as those in the set-wise approxi-
mation. As a result, we can solve the convex approximation problem iteratively using the cutting
plane procedure developed for the set-wise approximation. The only difference is that the following

separation subproblem, instead of model (14), is solved in each cutting plane iteration:

2 In(2IR1—1)—Ine U LN\2
22 < R llne > jer(Dj — Dy) zj,

min > Lyi— Y iz 3 2

yiz;e{0,1} €W JER Yi = Ty, Vi € W, j € R such that Xij =1

5.3 Chebyshev Approximation

According to the Chebyshev bounds presented in section 9.4 of Birge and Louveaux (1997), the

Chebyshev approximation of constraint (16) is formulated as

2RI — 1

JjeS jes 1EeEW
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where 0]2- denotes the variance of the uncertain demand D;(w).
Again, the resulting formulation contains an exponential number of constraints. Thus, it can be
solved using the cutting plane procedure we propose for the set-wise and convex approximations.

The corresponding separation subproblem is

2 2IRI_1 2,..
win S e Sy | 75 5 ) et
s iYi jLj

yiej€{0,1} LW JER yi > x5, VieW,j€ R suchthat X;; =1

5.4 Sample Average Approximation (SAA)

Consider N samples of demand realization denoted by w™ where n = 1,..., N. Let D;(w") denote
the demand realization of demand node j in sample w™, 7% is the amount of shipment from supply
node i to demand node j in sample w', and 2" represents whether sample w™ satisfies the conditions
of event A in the chance constraint of model (2). The SAA formulation of model (2) can be written

as
min 3o hili + 3 e fiYi + 2iew Do jer Cii X
st. SN 2> N(1—e),

0< 0% < M[Xy, VieW,jeR,n=1,..,N,

Sier 05 < I, Yie W,n=1,...,N, (18)
Yiew iy = 2"Dj(w"), Vi€ R,n=1,.,N,

2" € {0,1}, Vn=1,...,N,

(ILX,Y) € E.

5.5 Computational Results

In this subsection, we generate random instances to evaluate the performance of the set-wise ap-
proximation with [ = 1, and compare it with the convex, Chebyshev, and sample average approxi-
mations.

We view a combination of ([W)|,|R|,1—¢) as a test class. This study considers the 12 test classes
displayed in Table 1. For each test class, 40 instances are generated using the following procedure.
The locations of the demand nodes and the potential supply nodes are uniformly distributed over
[0,100] x [0,100]. The per-unit inventory holding costs and the fixed location costs are randomly

generated, respectively, by h; ~ U(8,10) and f; ~ U(100,200), where U(a,b) represents a uniform
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distribution in [a,b]. The fixed cost ¢;; of the link between supply node i and demand node j is
assumed to be proportional to the corresponding euclidean distance in the 2-D plane. The mean p;
and variance 0]2 of demand are generated by p; ~ U(100,200) and 0']2- ~ U(300,500), respectively.
The support of demand is assumed to be [p; — 1.960;, 11; + 1.960;], i.e., DjL = p; — 1.960; and
DJU = p; +1.960;. Note that p; > 100 and 0']2- < 500 ensure p; — 1.960; > 0.

For each instance, we solve the models based on the set-wise, convex, Chebyshev, and sample
average approximations. The results are reported in Table 1. The column titled “Model” indicates
the approximation approach used to obtain the values in the corresponding row. The CPU time,
the number of DCs open, and the number of selected links are shown in the columns titled “CPU
Time”, “#DC”, and “#Arc”, respectively. Recall that 40 instances are generated for each test
class. All these values correspond to the averages of the 40 instances. We also compare the total
inventory and total cost of the convex, Chebyshev, and sample average approximations with the
counterparts of the set-wise approximation in the columns titled “Alnv” and “ACost”, which
present the relative increments of the average (denoted by “AV”) and the worst-case (denoted by
“WC”) scenarios, respectively.

Two performance measures, fill rate and chance, are used to compare the effectiveness of the
various approximations. The fill rate is defined as the percentage of demand satisfied by on-hand
inventory, which is an important measurement of service level. Specifically, given the solution
(I,X,Y) € E, the total amount of satisfied demand can be obtained by solving the following
maximum flow problem:

7' (w) = max SN 05| 0< 0 < M Xi5,Y 055 <1, 0 < Dj(w), Vie W,j€R
“ iEW jeR JER iew

Then, the fill rate is calculated as

Fill Rate := E,, | Z'(w) / ) Dj(w)
JER
The chance refers to the probability that the realized demand is satisfied by on-hand inventory, i.e.,
Chance := Prob{ Z'(w) = Z Dj(w)
JER
In the numerical experiments, both the fill rate and the chance for each instance are estimated

based on 10,000 realizations of {D;(w)|Vj € R}. For each test class, we report the average fill
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rate and chance of the 40 instances in the columns titled “Fill Rate” and “Chance” in Table 1,
respectively.

Table 1 indicates that the proposed set-wise approximation is capable of providing solutions
with reasonable computational efforts. For example, the average computational time to solve the
set-wise approximations with 50 potential supply nodes and 100 demand nodes is no more than
13 minutes. Another important observation is that the number of selected links in the network is
very close to the number of demand nodes, which implies that the network obtained is very sparse.
The chance to satisfy demand using on-hand inventory is always higher than the prespecified level
1 — € and the fill rate is almost 100% for all the considered instances. Thus, we can safely conclude
that a sparse multi-sourcing network can lead to a very high service level. Next, we compare the
set-wise approximation results with those obtained from other approaches to further validate the
effectiveness of the set-wise approximation.

The convex approximation provides a similar service level with higher inventory levels and total
costs, which indicates that it is more conservative than the set-wise approximation. For example,
in the test class (5,10,0.9), the total inventory and total cost of the convex approximation are, on
average, 5.0% (i.e., Alnv-AV) and 5.5% (i.e., ACost-AV) higher than the counterparts of the set-
wise approximation, and the values of Alnv-WC and ACost-WC are 4.2% and 4.7%, respectively.
The convex approximation is worse off when the problem size grows. In particular, when we have
50 supply nodes and 100 demand nodes, it requires roughly 12% more inventory and 7.5% higher
total cost. The conservativeness of convex approximation is also shown in the network structure. It
yields denser networks except for the test classes (50,100,0.9) and (50,100,0.95), where the number of
selected links is only 0.1% lower than that of the set-wise approximation. Furthermore, the convex
approximation generally requires much more computational effort. In particular, only 57.5% of the
instances with |[WW| = 50 and |R| = 100 can be solved within an hour.

The Chebyshev approximation is even more conservative as its total inventory and total cost
are extremely high. For example, in the test class (5,10,0.9), the values of Alnv-AV and ACost-AV
of the Chebyshev approximation are 142.2% and 106.3%, and those of AlInv-WC and ACost-WC
are 135.8% and 102.3%, respectively. As the problem size increases, Alnv-AV (resp. Alnv-WC,
ACost-AV, ACost-WC) rises to 2509.9% (resp. 3242.9%, 1939.2%, 2689.3%) in the class (10, 20,

0.9). Constraint (17) in the Chebyshev approximation indicates that the required inventory grows
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Table 1: Computational results for the model without delivery cost

CpPU Fill
W| Rl 1—e¢  Model Time #DC #Arc Alnv(%) ACost(%) Rate Chance
(s) AV WC AV WC (%) (%)
5 10 0.9 Set-wise 70.5 2.0 104 - - - - 1100.00 99.74
Convex 336.0 2.0 11.0 5.0 4.2 5.9 4.7 1100.00 100.00
Chebyshev | 145.4 1.0 10.1| 1422 135.8| 106.3 102.3 |100.00 100.00
SAA-100 117.2 1.7 10.0 -4.8 -5.7 -4.4 -4.3 | 99.92 87.11
0.95 Set-wise 58.0 2.0 102 - - - -1100.00  99.79
Convex 3207 2.0 11.0 4.5 3.8 5.5 5.0 | 100.00  100.00
Chebyshev 83.0 1.0 10.0| 201.3 192.8| 150.5 144.4|100.00 100.00
SAA-100 35.3 1.7 10.1 -5.2 -6.5 -4.2 -4.1| 99.96 92.08
8 15 0.9 Set-wise 208.4 22 154 - - - - 1100.00 99.85
Convex ! 347.8 2.2 16.1 5.9 6.0 5.9 5.41100.00 100.00
Chebyshev 15.3 1.0 15.2| 688.8 644.9| 520.7 497.2|100.00 100.00
SAA-100 214.0 21 15.0 -4.6 -5.7 -4.4 -3.5 | 99.94 86.22
0.95 Set-wise 168.1 2.2 154 - - - - 1100.00 99.90
Convex' ! 3929 22 161 5.9 74 5.8 5.3 1100.00  100.00
Chebyshev 6.4 1.0 152 971.9 916.5| 732.1 703.2|100.00 100.00
SAA-100 155.7 2.0 15.1 -46  -5.1 -4.3  -3.3] 99.97  92.09
10 20 0.9 Set-wise 223.9 25 211 - - - - 1 100.00 99.99
Convex ! 666.7 24 212 7.6 7.2 6.2 6.4 1 100.00 100.00
Chebyshev 32.0 1.0 20.0|2509.9 3242.9|1939.2 2689.3 | 100.00 100.00
SAA-100 524.0 2.2 201 -3.8 -5.3 -4.4 -3.6 | 99.95 86.06
0.95 Set-wise 184.2 2.5 20.6 - - - - 1100.00 99.94
Convex ! 461.7 24 212 6.4 44 5.9 6.1 { 100.00  100.00
Chebyshev | 11.3 1.0 20.0|3607.8 4515.4 |2773.4 3551.8 | 100.00 100.00
SAA-100 4179 22 201 -4.5  -56 -45 -39 99.97  91.76
20 40 0.9 Set-wise 299.3 4.2 415 - - - - 1100.00 99.99
Convex ™4 891.3 3.6 42.7 7.5 7.4 6.7 5.3 100.00 100.00
SAA-50"11 | 2895.7 3.5 409 -6.0 -7.4 -6.9 -6.4| 99.95 80.08
0.95 Set-wise 284.6 4.2 416 - - - - 1100.00 99.98
Convex 4 |1014.6 3.6 434 7.0 10.7 6.6 5.41100.00 100.00
SAA-50"% | 1200.4 3.7 409 -6.0 -6.2 -7.1 -6.1 ] 99.98 88.54
30 60 0.9 Set-wise 510.6 5.3 62.2 - - - -1100.00  99.95
Convex™® |1083.5 3.5 63.3 7.7 110 6.5 7.1/100.00 100.00
SAA-20 4069 47 61.0| -70 -7.8 -8.8  -82| 99.93  67.98
0.95 Set-wise 400.7 5.2 619 - - - - (100.00 100.00
Convex'” |1071.8 3.4 62.7 83 10.6 6.8 7.4100.00 100.00
SAA-20 261.6 4.8 60.8 -6.9 -7.7 -8.6 -8.1| 99.95 71.87
50 100 0.9 Set-wise 729.8 6.0 1004 - - - - 1100.00 100.00
Convex'7 |1756.8 3.6 100.3| 11.5  12.3 8.0 7.1/100.00 100.00
SAA-20"10 129834 6.0 103.2 -80 -70| -9.7 -84 9994  66.55
0.95 Set-wise 692.8 6.1 100.4 - - - -1100.00 100.00
Convex' 17 | 1709.7 3.6 100.3 11.6 12.4 8.0 7.21100.00 100.00
SAA-20" | 24575 6.0 102.2 -7.8  -7.3| -10.0 -84 9995 67.04

*1- . . . . .
117 The number in the superscript represents the number of instances unsolved within one hour.
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exponentially with respect to the number of demand nodes |R|. Such a tremendous amount of in-
ventory leads to a trivial network structure; that is, serving all the demand nodes using the supply
node with the lowest inventory holding cost. These properties of the optimal solution, i.e., high
inventory and straightforward network structure, explain the short CPU time of the Chebyshev
approximation to some extent. Due to its poor performance, the results of the Chebyshev approx-
imation are omitted in Table 1 for the test classes with more than 10 potential supply nodes and
20 demand nodes.

Recall that the SAA formulation requires IV samples of demand realization as input. In this
numerical study, we consider the SAA formulations with N = 100, 50, and 20, which are denoted by
SAA-100, SAA-50, and SAA-20, respectively. All the samples are generated by a truncated normal
distribution with mean (location) p;, variance (squared scale) 0]2- and support [p; — 1.960;, pj +
1.960;] for all j € R. Thus, they are generated by a distribution with the same mean and support
as the set-wise approximation. For each combination of [W| and |R|, we choose the maximum N
in {100, 50,20} such that the corresponding SAA formulations for at least 80% of the instances can
be solved within an hour. From Table 1, we observe that the SAA solution has the lowest total
inventory and total cost among all the approximations. This is expected because the SAA requires
the complete demand distribution to draw N samples of demand realization and only considers
these samples in optimization. In most cases, its multi-sourcing network is also slightly sparser
than those of the set-wise and convex approximations. However, the SAA shows no advantage
in CPU time, especially for problems with larger size. For the test class (50,100,0.9), even with
N = 20 samples, its average computational time is more than 4 times of that of the set-wise
approximation. More importantly, the service level of the SAA is significantly lower than those of
the other approximations. In particular, the chance of the SAA is always lower than the required
service level 1 — € in all test classes, especially for the test classes with SAA-50 or SAA-20. For
example, the chance of SAA-50 in the test class (20,40,0.9) is 80.08% and that of SAA-20 in the
test class (50,100,0.9) is merely 66.55%. We also observe that the absolute value of ACost-WC of
the SAA is always smaller than that of ACost-AV of the SAA for all test classes, which indicates
that the cost advantage of the SAA weakens in the worst-case situations. This is consistent with

the intuition that the set-wise approximation, as a robust approach, has better worst-case than

average performance.
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In summary, the proposed set-wise approximation achieves a high service level comparable to
those of the convex and Chebyshev approximations, but requires significantly lower inventory and
cost. The SAA, on the other hand, may yield a solution with lower inventory and cost, but it cannot
reach the prespecified service level. Furthermore, the set-wise approximation is also computationally
more efficient than the convex approximation and the SAA. Therefore, we can safely conclude that
the set-wise approximation outperforms the other three approaches when considering CPU time,

total inventory, total cost, and service level.

6 Numerical Study for the Model with Delivery Cost

In this section, we compare the performance of the LDR approximation, i.e., model (12), with the
SAA approach. The SAA formulation for the model with delivery cost, i.e., model (1), has the

same constraints as model (18), but the objective function is replaced with

N
min Z hil; + Z fiYs + Z Z cij Xij + % Z Z Ztijeznj-

iew iew iEW jER n=1i€EW jER
Note that the convex and Chebyshev approximations cannot be applied to the model with delivery
cost, because these approaches cannot handle the expected delivery cost in the objective function.

Following the settings in subsection 5.5, we generate 40 instances for each of the 12 test classes.
Furthermore, the unit delivery cost ¢;; is set to the distance between supply node ¢ and demand
node j multiplied by a random disturbance. The computational results are presented in Table 2,
which are the counterparts of those in Table 1.

Table 2 shows that the LDR approximation can be solved very efficiently. For most test classes,
the average computational time of the LDR approximation is less than one minute. Even for the test
classes with the largest scale, i.e., [WW| = 50 and |R| = 100, the corresponding LDR approximation
can be solved within 3 minutes. The multi-sourcing network obtained by the LDR, approximation
is very sparse, which is similar to the results of the set-wise approximation. In most cases, less than
10% of the demand nodes are multi-sourced. Meanwhile, the service level of the LDR approximation
is very high as its chance is always above the preset service level 1 — e and is almost equal to 100%.

The SAA requires much more computational effort than the LDR approximation. Its compu-

tational time can easily exceed four times that of the LDR approximation even for the test classes
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Table 2: Computational results for the model with delivery cost

W IRl 1—c Model CPU 4DC H#Arc Alnv(%) | ACost(%) Fill ~ Chance
Time(s) AV WC| AV WC | Rate(%) (%)

SAA-100 38.4 21 111|-83 -7.7|-44 6.3 99.93 89.74

0.95 LDR 0.7 1.8 104 - - - - 100.00  100.00

SAA-100 23.7 22 11.2]-87 -6.7[-43 6.0 99.95  92.98

8 15 0.9 LDR 1.1 2.3 15.2 - - - - 100.00  100.00
SAA-100 169.2 25 16.6|-85 -86|-6.3 -6.1 99.94  89.47

0.95 LDR 1.9 23 153 - - - - 100.00  100.00

SAA-100 82.4 26 16.8|-89 -93|-6.2 -0.7 99.96 93.08

10 20 0.9 LDR 2.4 2.5 204 - - - - 100.00  100.00
SAA-100 419.8 3.0 223|-80 -85|-54 -1.8 99.95 89.61

0.95 LDR 2.3 2.5 206 - - - - 100.00  100.00

SAA-100 189.6 3.1 225|-81 -78|-49 -2.0 99.97 94.02

20 40 0.9 LDR 4.5 3.6 41.7 - - - - 100.00  100.00
SAA-50 465.4 43 439|-76 -6.8|-5.0 -3.3 99.95 86.71

0.95 LDR 5.4 3.6 421 - - - - 100.00  100.00

SAA-50 170.0 4.6 442|-77 -6.7|-44 -04 99.98 92.95

30 60 0.9 LDR 271 4.2 629 - - - - 100.00  100.00
SAA-20 393.4 5.5  64.7|-73 -72|-47 -42 99.94 77.28

0.95 LDR 45.7 4.2  63.0 - - - - 100.00  100.00

SAA-20 132.7 5.7 65.5|-76 -79|-44 -3.3 99.95 81.85

50 100 0.9 LDR 171.4 5.7 1079 - - - - 100.00  100.00
SAA-20 1052.4 7.0 106.7|-6.8 -7.2|-5.2 -3.7 99.95 75.97

0.95 LDR 178.5 5.5 109.1 - - - - 100.00  100.00

SAA-20 411.8 7.2 108.8|-6.9 -6.8|-4.7 -4.7 99.97 83.10

where the SAA-20 is adopted. Moreover, the chance of the SAA is much lower than that of the
LDR approximation and always below the prespecified level of 1 — €. In the test classes that adopt
SAA-20, the chance is at least 11.9% lower than 1 — e.

Although the SAA requires longer computational time and results in unacceptable service levels,
it generally performs better than the LDR approximation in terms of the total inventory and total
cost. As in subsection 5.5, this advantage could be explained by the fact that the SAA requires
the complete demand distribution and provides solutions with lower service levels. We also observe
that the cost saving of the SAA in the worst-case scenario is less significant than in the average
case. Especially for the test classes (5,10,0.9) and (5,10,0.95), ACost-WC is even greater than zero,

which means that the LDR approximation outperforms the SAA in the worst-case scenario. This
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observation further validates that the LDR approximation is robust and performs relatively better
in the worst-case scenario.

Another observation is that in both average and worst-cases scenarios, Alnv is slightly lower
than ACost, i.e., the SAA solution saves a little more inventory than cost. Note that the multi-
sourcing network of the SAA is slightly denser than that of the LDR approximation, as the former
generally has more open DCs and selected links. A denser network is more flexible in multi-sourcing
and hence requires less inventory. However, it incurs a higher setup cost of DCs and links, which
leads to lower savings in cost, i.e., a higher ACost.

To conclude the comparison between the LDR approximation and the SAA, the former always
achieves the required service level and needs much less computational time than the latter. The SAA
is advantageous in terms of the total inventory and total cost, but it cannot meet the prespecified
service level. Note that knowing the complete demand distribution is a prominent reason why the
total inventory and total cost of the SAA are lower than those of the LDR approximation. Given
that the LDR approximation only requires the means and supports of the demand distribution,
it is an efficient and effective approach to solve the multi-sourcing network design problem with

delivery cost.

7 Conclusions

In this paper, we explore how to design a robust multi-sourcing supply network by introducing
a location—inventory model with a service level chance constraint. The model considers the com-
plex trade-offs among location, linkage, transportation, and inventory holding costs. We propose
two safe approximations of the model that only require the means and supports of the uncertain
demands. This work also provides a more general understanding of the 1-Expander structure de-
fined in Chou et al. (2011). Furthermore, the effectiveness of the proposed approximations are
validated through extensive numerical comparisons with commonly adopted approaches to approx-

imate chance constraints.
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