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In this research, we consider the supplier selection problem of a firm offering a single product via
multiple warehouses. The warehouses face stationary, stochastic demand and replenish their inventory
via multiple suppliers, to be determined from a set of candidates, with varying price, capacity, quality,
and disruption characteristics. Additionally, the warehouses may simultaneously replenish their inven-
tory from other warehouses proactively. With these characteristics, the problem is a multi-sourcing,
supplier selection, and inventory problem with lateral transshipments. Even though the benefits of
multi-sourcing and lateral transshipments have been presented in the literature individually to mitigate
risks associated with uncertain demand and disrupted supply, the intertwined sourcing and inventory
decisions under these settings have not been investigated from a quantitative perspective. We develop a
decomposition based heuristic algorithm, powered with simulation. While the decomposition based
heuristic determines a solution with supplier selection and inventory decisions, the simulation model
evaluates the objective function value corresponding to each generated solution. Experimental results
show, contrary to the existing literature, inferior decisions may result when considering the selection of
suppliers solely on unit and/or contractual costs. We also evaluate the impact of multi-sourcing with rare
but long disruptions compared to frequent but short ones.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

As pressure to improve supply chain cost performance increa-
ses for many companies, the evaluation and selection of compe-
tent suppliers becomes a key concern [25]. In this research, we
develop a model to support a broad range of decisions related to
strategic sourcing, distribution, and order replenishment of a
procurement firm with multiple warehouses. The firm desires to
centrally optimize its supplier selection process and inventory
replenishment decisions at its warehouses in an integrated fash-
ion. Each warehouse observes stochastic, stationary demand and
manages its inventory under a location-specific (nQ,R) policy while
incurring a holding and setup cost. Additionally, when the demand
at the warehouses cannot be met out of available inventory, a
warehouse-specific backorder cost is incurred. We assume that the
candidate suppliers, selected centrally, are subject to operational
disruptions. We define disruptions with two random variables,
corresponding to disruption frequency and disruption downtime.
r Gel.
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Obviously, disruptions are detrimental in terms of capacity and
delivery performance at the suppliers.

An important aspect of this problem is to allow multi-sourcing
using both suppliers and warehouses. In other words, a warehouse
may source its needs from multiple suppliers or other warehouses
proactively. In proactive transshipment strategy, which is the focus
in our setting, as opposed to the reactive strategy, transshipments
can occur at specific points in time regardless of the demand
realization. Shipments from other warehouses are also known as
lateral transshipments since the warehouses belong to the same
firm. Having multiple suppliers may be more appropriate when
(i) suppliers experience capacity issues; (ii) a backup source is
required as protection from shortages, strikes, and other supplier
disruptions; and (iii) there is a need for maintaining competition
among suppliers. Cases (i) and (ii) are the main reasons for the
multi-sourcing assumption of this paper.

Despite some clear advantages (e.g., cost and service perfor-
mance) of multi-sourcing when subject to disrupted and unreliable
suppliers, only a limited number of papers present an analytical
approach to investigate trade-offs in integrated supplier selection
and inventory decision problems (see Section 2). In this paper, we
attempt to address this deficiency in the literature. Specifically, our
main objective is to develop a cost minimization model for an inte-
grated supplier selection and inventory optimization problem. The
er selection and inventory problem with multi-sourcing and
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cost components include management fees of the selected suppliers;
inventory replenishment, holding, and backorder costs; procurement
costs of the warehouses; and the total transportation costs between
the suppliers and warehouses and/or between the warehouses. To
achieve this objective, we determine the (i) selection of suppliers, (ii)
assignments of warehouses to selected suppliers, (iii) amount of
lateral transshipments among warehouses, and (iv) inventory deci-
sions of each warehouse.

Due to multi-sourcing possibilities for warehouses, this pro-
blem poses additional inventory complications. Note that quality
(yield), capacity, disruption, lead time, and transportation cost
characteristics of a supply source directly influence inventory
ordering and timing decisions. Therefore, for various supply
sources in our model, we specify a separate inventory policy for
each demand and source pair, which is also known as inventory
compartmentalization.

Due to uncertainty related to warehouse demand and supplier
disruptions, we resort to optimization via simulation [17,25,27,28]
to address the complexities of the modeling and analysis of supply
chain risk management. We test the performance of our solution
approach with/without multi-sourcing and with/without lateral
transshipments under various disruption scenarios. We report the
influence of specific cost components on supply chain configura-
tion and the computational performance of the proposed solution
approach. Specifically, contrary to the existing literature, we
demonstrate that an expensive supplier may be preferred to a
cheaper supplier depending on the capacity levels and disruption
characteristics. We also observe that considerations of multi-
sourcing and lateral transshipments in the network result in a
lower overall total cost with increased flexibility and robustness.
We show that, compared to rare but long disruptions, frequent but
short disruptions are less costly. Therefore, supply chain managers
should take steps in collaborating with their suppliers in order to
shorten their disruptions as possible with a focus on the main-
tenance activities. However, when a supply chain mostly experi-
ences rare and long disruptions, we show that network designs
with multi-sourcing and lateral transshipments provide the
largest gains.

In the remainder of the paper, in the next section, we provide a
brief literature review. In Section 3, we present the notation,
problem description, and formulation. In Section 4, we discuss the
details of the solution procedure. The numerical results presented
in Section 5 demonstrate the value of the multi-sourcing and
lateral transshipments.
2. Relevant literature

Our work contributes to two main areas: quantitative supplier
selection models and multi-supplier inventory models. While the
former aims to develop new methodologies leading to an
improved supplier selection process, the latter focuses on new and
improved replenishment strategies in the presence of multiple
suppliers.

The quantitative models for integrated inventory management
and supplier selection have been attracting more attention as
revealed by the recent review papers [2,44,46]. The most common
methods include linear programming [4,32], goal programming
[9], mixed integer programming approach [7,13,40], a mixed
integer nonlinear programming approach [16,20,25,26,29,38,39],
and stochastic programming [24,43].

A similar problem setting with multiple candidate suppliers
and multiple warehouses has been considered by Keskin et al.
[25,26], however, without any consideration for multi-sourcing
and lateral transshipments. Keskin et al. [26] only consider the
trade-off among supplier selection and inventory decisions within
Please cite this article as: Firouz M, et al. An integrated suppli
lateral transshipments. Omega (2016), http://dx.doi.org/10.1016/j.om
a deterministic context and solve the formulation using an effi-
cient generalized bender's decomposition algorithm. Expanding
this deterministic model to address stochastic demand and sup-
plier selection under disruptions, Keskin et al. [25] develop a
simulation-optimization based solution approach. Their analysis
points out that unit costs and management fees influence the
selection of suppliers. In many cases, disruptions do not influence
the supplier selection decisions, but do impact the inventory
decisions. As opposed to Keskin et al. [25], our experimentations
show that selecting suppliers solely based on the unit and con-
tractual costs, will lead to inferior solutions. Additionally, due to
single sourcing setting, Keskin et al. [25] consider a simpler
inventory analysis, without a need for compartmentalization. Most
recently, Ventura et al. [48] consider a multi-period multi-stage
serial supply chain system with deterministic demand structure in
the last stage and all-available suppliers in the first stage.
Choudhary and Shankar [14] solve the joint problem of lot sizing,
supplier and carrier selection with quantity discount possibilities.

All of these quantitative supplier selection-inventory papers
ignore multi-sourcing and lateral transshipment aspects. Even
though single sourcing can foster collaboration and partnership,
under the existence of capacity shortages, quality issues, and dis-
ruptions, relying on a single supplier weakens supply chain
robustness and adversely affects supply chain cost performance.
Hence, in this paper, we explicitly concentrate on allowing the
selection of multiple suppliers, allocating the total demand to the
selected suppliers, and determining the (nQ,R) inventory ordering
decisions based on the allocated amount. There are other
researchers that successfully implemented compartmentalized (Q,
R) policies for multi-sourcing without disruptions (see, for
instance, [29,30,35]). In fact, both Mendoza and Ventura [30] and
Pazhani et al. [35] recommend incorporating supply chain risk (in
the form of disruptions), similar to this work, into supplier selec-
tion problems. A limited number of papers in the supplier selec-
tion literature [8,10,11,50,51] concentrate on multi-sourcing. Ber-
ger and Zeng [8] present the first analysis comparing single- and
multi-sourcing. The relationship between the levels of risk and
associated trade-offs is captured by a decision-tree model, and
single sourcing is not found to be an effective approach in many
situations. Burke et al. [10], given uncertain product demand,
simultaneously consider supplier reliabilities, supplier capacities,
manufacturer inventory costs, and manufacturer diversification
benefits in making integrated supplier selection and inventory
allocation decisions. Even with limited experiments, they
demonstrate that only when the suppliers have very large capa-
cities, single sourcing is a better option. They extend this paper to
consider both upstream (i.e., supply) and downstream (i.e.,
demand) uncertainty in Burke et al. [11]. Contrary to our results,
Burke et al. [11] find that unit cost offered by the supplier (and not
the reliability of the supplier) is the key supplier selection criter-
ion. In their paper, Burke et al. [11] consider a profit maximization
(as opposed to the cost minimization of this paper) and ignore the
fixed cost of supplier selection as well as the impact of quality on
total costs. Similar to Burke et al. [10,11], Zhang and Zhang [51]
also consider an integrated supplier selection-inventory problem
under stochastic demand with profit maximization. In their model,
the inventory problem observed by the buyer is similar to the
newsvendor problem. They solve the mixed integer programming
formulation with a branch-and-bound based solution approach. In
another recent paper, Yu et al. [50] consider a two-stage supply
chain in which the buying firm faces a non-stationary, price-
sensitive demand of a critical component and that two suppliers
(primary and secondary) are available. They determine that either
single or dual sourcing can be effective depending on the magni-
tude of the disruption probability. All of these papers omit the
effect of delivery issues related to lead time, varying quality issues
er selection and inventory problem with multi-sourcing and
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at the suppliers, and transportation costs. Our paper presents a
unique analysis to estimate the benefit of multi-sourcing and lat-
eral transshipments when suppliers experience disruptions.

A number of papers address inventory problems considering
multiple suppliers [18,19,22,30,33,37,41,42]. Ramasesh et al. [37]
show that multi-sourcing provides a greater assurance of timely
delivery and greater upside volume flexibility due to diversifica-
tion of the total requirements at the firm. Parlar and Perry [33]
discuss the benefits of multi-sourcing in the presence of supply
uncertainty. Federgruen and Yang [19] generalize these works to
determine an optimal set of suppliers, the aggregate order, and its
allocation to the selected suppliers when suppliers experience
disruptions or quality problems. Hajji et al. [22] consider a similar
problem with an explicit focus on information sharing control
policies. They develop a stochastic dynamic programming for-
mulation illustrating the structure of the optimal control policy.
However, they do not consider availability, capacity, and delivery
performances of the suppliers. More recently, Mendoza and Ven-
tura [30] develop models for integrated supplier selection and
order quantity allocation with consideration of quality and capa-
city factors for suppliers, but assuming that suppliers are always
available. Pazhani et al. [35] consider a serial inventory system
integrating the inventory management with supplier selection
decisions and transportation costs. In their analysis, Pazhani et al.
[35] discuss the benefits of this integration by comparing their
system to a sequential system. Ekici [18] proposes an improvement
on the Ghodsypour and O'Brien [20] in terms of capacitated sup-
pliers and cyclic ordering policy leading to an easier algorithm and
extend their work to account for the exact annual supplier capa-
city. Ruiz-Torres et al. [41] consider a supply chain network with
capability of handling multi-supplier sourcing and supplier dis-
ruptions. They consider a flexibility characteristic for each supplier
that allows for a contingency shipment in case of disruption in
other suppliers. Sawik [42] considers the same setting as Ruiz-
Torres et al. [41] excluding the contingency characteristic, and
with limited global and local disruption scenarios and provides
optimal risk-neutral and risk-averse solutions for both cost and
customer service level objective functions. For a more detailed
discussion on multi-supplier inventory models, we refer the
reader to the review papers by Minner [31] and Tajbakhsh et al.
[44]. The main distinction between the previous supplier selection
papers related to inventory management and ours is that we do
explicitly consider the supplier selection decisions as well as the
fixed costs incurred for each selected supplier. We also consider
the possibility of lateral transhipments between the warehouses,
which as Paterson et al. [34] put it, has received very little atten-
tion in the literature. The only work already investigating the value
of transshipments within supplier selection in an implicit manner
is Axsater et al. [5]. Their network of N retailers is sourced from a
central warehouse where a support/contingency warehouse
sources the retailers whenever they encounter shortages in the
central warehouse. In our paper, however, we consider a broader
sense of lateral transshipment, not only as a contingency shipment
but as an alternate source. Majority of the literature in the lateral
transshipment area considers the reactive transshipments. In the
reactive setting, as the one considered in Axsater et al. [5], a
transshipment occurs after the realization of the stochastic
demand, and potentially, a stockout occasion. However, another
stream of research focuses on the proactive lateral transshipments
[1,3,6,12]. Additionally, as mentioned by Paterson et al. [34], reg-
ular stock re-balancing via proactive lateral transshipments has
benefits for the inventory systems, however little work has been
done in proactive lateral transshipments in continuous review
settings. Our work is also contributing to fill this gap in the
literature.
Please cite this article as: Firouz M, et al. An integrated suppli
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A summary of these previous literature is given in Table 1, with
supply chain network design characteristics (sourcing structure,
lateral transshipment possibilities, demand structure, and supplier
features), solution methodology to the problem presented, and
finally, the cost components considered as part of the objective
function.
3. Model formulation

3.1. Preliminaries

In this paper, we consider a two-stage supply chain network
where the first stage represents MZ2 pre-qualified, candidate
suppliers and the second stage represents NZ2 warehouses
belonging to the same firm. Each selected supplier costs the firm a
contractual fee, fj, and a unit purchasing cost, cj.

Additionally, each supplier jAJ offers the firm an annual
capacity, Wj, and a random quality level, 0:5rqjr1:0. Specifically,
the random quality in our setting is similar to random yield. In
other words, supplier jAJ only delivers qjQ ij when warehouse i
AI orders Qij. This percentage changes for each order placed with
supplier j according to a random distribution. Supplier jAJ is
susceptible to disruptions at frequency rate of θj and downtime
rate of νj. The annual capacity of supplier j, Wj, does not take into
account the disruptions.

Each warehouse faces an independent stationary, stochastic
demand. For the sake of the computational analysis, we consider
the demand is drawn from a Poisson distribution with mean λi,
iAI ¼ f1;…;Ng.

To satisfy the demand at each warehouse i, iAI ¼ f1;…;Ng, the
firm selects a subset of suppliers. The binary decision variable for
supplier selection, Xj, is 1 if supplier j is selected, and it is 0,
otherwise.

Next set of decision variables relate to the supplier–warehouse
assignments and inventory replenishment. For warehouse i, iAI ,
and supplier j, jAJ , variable Yij represents the total annual
amount supplied by supplier j for warehouse i. We assume that
each warehouse iAI follows a continuous review reorder point-
reorder quantity (nQ,R) policy for each associated source. Specifi-
cally, Rij sets the reorder level for the inventory at warehouse i
specifically sourced by supplier j, Qij represents the replenishment
order by warehouse i from supplier j and nij is the smallest integer
value that can bring the inventory position of the associated pair
to their reorder level Rij. Note that for each source, there is a
separate R, which is referred as compartmentalization of inventory
in the rest of the analysis. It is possible to manage the inventories
without this compartmentalization, however, it creates an inferior
solution as shown later. Note that Yij

nijQ ij
is the expected number of

orders per year between warehouse i and supplier j. To simplify
the mathematical notation, we also define indicator decision
variables Aij and AT

ik. That is, 8 iAI and 8 jAJ , Aij ¼ δðYijÞ ¼ 1, if
warehouse i is sourced by supplier j; it is set to 0, otherwise.
Similarly, 8 iAI and 8ka iAI , AT

ik ¼ δðYT
ikÞ ¼ 1, if warehouse i is

sourced by warehouse k, and it is set to 0, otherwise, where δð:Þ is
an indicator function.

Warehouse i may also receive shipments from another ware-
house k, iak, i; kAI , where warehouse k essentially serves as an
intermediate warehouse for the firm. The decision variables YT

ik,
QT
ik, nTik, and RTik represent the annual sourced amount for ware-

house i from warehouse k, each order quantity for warehouse i
from warehouse k, integer value associated with the order quan-
tity of the pair, and the reorder level for warehouse i's inventory
transshipped by warehouse k, respectively. Definition of both Yij
and YTik ensures that each warehouse may receive multiple
er selection and inventory problem with multi-sourcing and
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shipments from either multiple suppliers (i.e., multi-sourcing) and/
or other warehouses (i.e., lateral transshipments), respectively. Each
replenishment from a supplier incurs a fixed cost of Ki (or KT

i , for
orders from other warehouses) and an inventory carrying cost of hi
per unit per unit of time. Additionally, if a backlog occurs at
warehouse i, a per unit per unit of time cost of si is incurred.

Once a warehouse places a replenishment order, the order
arrives after a supplier–warehouse specific lead time, Lij. We let
LikT represent the lead time for replenishment order of warehouse i
from warehouse k. Due to disruptions, the actual observed lead
Table 1
A summary of supplier selection literature (LT, lateral transshipment; DF, disruption freq
cost; HC, holding cost; BC, backorder cost; Tr-c, transportation cost; S, stochastic; D, de
benders Decomposition; SS: Single Sourcing; MS: Multi-Sourcing; IH: Infinite Horizon;

Paper Model Supply chain network details

Source LT Horizon Demand Lead

Time

Keskin et al. [25] MINLP SS No IH S S
Keskin et al. [26] MINLP SS No IH D N/A
Burke et al. [10] MIP MS No SP S N/A
Rosenthal et al. [40] MIP MS No IH D N/A
Ghodsypour and O'brien [20] MINLP MS No SP D N/A
Basnet and Leung [7] MIP MS No MP D N/A
Ding et al. [17] MIP MS No IH S N/A
Rosenthal et al. [39] MINLP SS No IH D N/A
Tempelmeier [47] MIP SS No IH S N/A
Zhang and Zhang [51] MIP MS No IH S N/A
Hajji et al. [22] DP MS No IH D S
Parlar and Perry [33] MIP MS No IH D N/A
Federgruen and Yang [19] NV MS No IH S N/A
Ramasesh et al. [37] OS MS No IH D S
Rezai and Davoodi [38] MINLP MS No MP D N/A
Mendoza and Ventura [29] MIP SS No IH D N/A
Burke et al. [11] MIP MS No IH S N/A
Yu et al. [50] MIP MS No IH D N/A
Dai and Qi [15] MIP MS No IH D N/A
Axsater et al. [5] MIP SS Yes IH S S
Sawik [42] MIP MS No MP D N/A
Hammami et al. [23] MINLP SS No MP D S
Ware et al. [49] MINLP SS No MP D N/A
Ventura et al. [48] MINLP SS No MP D N/A
Ruiz-Torres et al. [41] MIP MS No IH D N/A
Choudhary and Shankar [14] MIP SS No MP D N/A
Ekici [18] MINLP MS No IH D N/A
Mendoza and Ventura [30] MINLP MS No IH D N/A
Our paper MINLP MS Yes IH S S

Fig. 1. Problem

Please cite this article as: Firouz M, et al. An integrated suppli
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time and corresponding lead time demand would be higher than
the stated lead time. Furthermore, recalling the quality percentage
qj, the total amount of replenishment is qjnijQ ij at the warehouse.
This yield issue is the main reason for preferring an ðnQ ;RÞ policy
over a typical (Q,R) policy due to the instability of the latter.

Our model explicitly captures the overall transportation costs
corresponding to each order delivery between supplier jAJ and
warehouse iAI with two specific cost parameters: (i) a fixed cost,
denoted by pij, which represents the sum of fixed costs of ordering
(setup) and transportation; and (ii) a per-mile transportation
uency; DD, disruption downtime; CC, contract cost; PC, procurement cost; SC, setup
terministic; OS, order statistics; LDT, large derivative technique; GBD, generalized
SP: Single Period; and MP: Multi-Period.).

Solution Cost components

Supplier CC PC SC HC BC Tr�C

DF DD Cap Qual Selection

S S Yes Yes Yes Sim-Opt ✓ ✓ ✓ ✓ ✓ ✓

N/A N/A Yes No Yes GBD ✓ ✓ ✓ ✓ ✓

N/A N/A Yes Yes Yes Exact ✓ ✓

N/A N/A Yes Yes Yes Exact ✓

N/A N/A Yes Yes Yes Heuristic ✓ ✓ ✓ ✓

N/A N/A No No Yes Heuristic ✓ ✓ ✓

N/A N/A No No Yes Sim-Opt ✓ ✓ ✓ ✓

N/A N/A Yes No Yes Exact ✓ ✓ ✓ ✓

N/A N/A No No Yes Heuristic ✓ ✓ ✓

N/A N/A Yes No Yes B & B ✓ ✓ ✓ ✓

S S Yes No Yes Exact ✓ ✓ ✓ ✓

S S No No Yes Exact ✓ ✓ ✓

N/A N/A No No Yes LDT ✓ ✓

N/A N/A No No Yes Exact ✓ ✓ ✓ ✓

N/A N/A Yes Yes Yes GA ✓ ✓ ✓ ✓ ✓

N/A N/A Yes Yes Yes heuristic ✓ ✓ ✓

S S No Yes Yes Exact ✓ ✓

S S No No Yes Exact ✓ ✓

N/A N/A Yes No Yes Sim-Opt ✓ ✓ ✓ ✓

N/A N/A No No No Exact ✓ ✓ ✓

S S Yes No No Exact ✓ ✓ ✓

N/A N/A Yes No No Exact ✓ ✓ ✓ ✓

N/A N/A Yes Yes No Exact ✓ ✓ ✓

N/A N/A Yes Yes No Exact ✓ ✓ ✓ ✓ ✓

S S Yes No No Exact ✓ ✓ ✓ ✓

N/A N/A Yes Yes No Exact ✓ ✓ ✓ ✓

N/A N/A Yes Yes No Exact ✓ ✓ ✓

S S Yes Yes Yes Exact ✓ ✓ ✓

S S Yes Yes Yes Sim-Opt ✓ ✓ ✓ ✓ ✓ ✓

setting.
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Table 2
Notation.

Parameters Definitions

I Warehouses of the firm, I ¼ f1;…; i;…;Ng
J Set of candidate suppliers, J ¼ f1;…; j;…;Mg
cj Unit procurement cost by supplier j, 8 jAJ
fj Fixed annual contractual fee for supplier j, 8 jAJ
qj Percentage of acceptable quality products by supplier j, 8 jAJ
θj Disruption frequency rate for supplier j, 8 jAJ
νj Disruption downtime rate for supplier j, 8 jAJ
Wj Annual throughput capacity of supplier j, 8 jAJ
pij Fixed transportation cost per replenishment to warehouse i, 8 iAI , from supplier j, 8 jAJ
rij Variable mileage cost per replenishment to warehouse i, 8 iAI , from supplier j, 8 jAJ
pTik Fixed transportation cost per replenishment to warehouse i, 8 iAI , from warehouse k, 8kAI
rTik Variable mileage cost per replenishment to warehouse i, 8 iAI , from warehouse k, 8kAI
dij (dTik) Distance between warehouse i, 8 iAI , and supplier j (warehouse k), 8 jAJ , 8kAI
Lij(LTik) Lead time between warehouse i, 8 iAI , and supplier j (warehouse k), 8 jAJ
E½LTDij� (E½LTDT

ik�) Expected lead time demand between warehouse i, 8 iAI , and supplier j (warehouse k), 8 jAJ
λi Demand arrival rate for warehouse iAI
Fið:Þ CDF of demand distribution for warehouse iAI
KT
i Fixed setup cost of warehouse i when sourced by other warehouses, 8 iAI

Ki Fixed setup cost of warehouse i when sourced by suppliers, 8 iAI
hi Inventory holding cost per unit per time of inventory held at warehouse i, 8 iAI
si Backorder cost per unit per time of stockout at warehouse i, 8 iAI

Decision variables Definitions
Xj 1, if supplier j is selected, 0, otherwise; 8 jAJ
Yij Amount of warehouse i's annual demand satisfied by supplier j, 8 iAI and 8 jAJ
Aij ¼ δðYijÞ 1, if warehouse i is sourced by supplier j, 0, otherwise; 8 iAI and 8 jAJ
Qij Order quantity of warehouse i from supplier j, 8 iAI , 8 jAJ
nij Integer value associated with Qij for warehouse ifrom supplier j, 8 iAI , 8 jAJ
Rij Reorder point of warehouse i from supplier j, 8 iAI , 8 jAJ
YT
ik Amount of warehouse i's demand satisfied by warehouse k, 8 i; kAI and iak

AT
ik ¼ δðYT

ikÞ 1, if warehouse i is sourced by warehouse k, 0, otherwise; 8 iAI and 8ka iAI
QT
ik Order quantity of warehouse i from warehouse k, 8 i; kAI , iak

nT
ik Integer value associated with QT

ik for warehouse i from warehouse k, 8 i; kAI , iak
RT
ik Reorder point of warehouse i from warehouse k, 8 i; kAI , iak
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cost, denoted by rij, which leads to a distance-based transportation
cost of rijdij per order delivery, where dij represents the distance
between supplier jAJ and warehouse iAI in miles. In case
of transshipment order of warehouse i from warehouse k, trans-
portation cost parameters include pTik, rTik and dTik as the fixed cost,
variable cost, and distance of the warehouses i and k, respectively.
Problem setting is given in Fig. 1.

A summary of the notation defined so far and additional
notation is given in Table 2.
3.2. Model development

The objective function of the integrated supplier selection and
inventory problem includes the average annual costs associated
with supplier selection specific costs (contractual fees and pro-
curement costs), warehouse inventory management costs (inven-
tory ordering, holding, and shortage), and transportation related
costs (loading/unloading and mileage) between selected suppliers
and existing warehouses. Specifically, the objective function is
given as

X
jAJ

f jXjþ
X
iAI

X
jAJ

cjYij ð1Þ

þ
X
iAI

X
jAJ ;Qij a0

KiYij

nijQ ij
þ

X
kAI ;QT

ik a0

KT
i Y

T
ik

nT
ikQ

T
ik

2
4

3
5 ð2Þ
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hi

X
jAJ

Aij
nijQ ij

2
þRij�E½LTDij�

� �2
4

þ
X

kAI ;ka i

AT
ik

nT
ikQ

T
ik

2
þRT

ik�E½LTDik�
( )#

ð3Þ

þ
X
iAI

si
X

jAJ ;Qij a0

ηðLTDij;RijÞ
Yij

nijQ ij
þ

X
kAI ;QT

ik a0

ηðLTDik;R
T
ikÞ

YT
ik

nT
ikQ

T
ik

2
4

3
5

ð4Þ

þ
X
iAI

X
jAJ ;Qij a0

ðpijþrijdijÞYij

nijQ ij
þ

X
kAI ;QT

ik a0

pTikþrTikd
T
ik

� �
YT
ik

nT
ikQ

T
ik

2
4

3
5: ð5Þ

In this objective function, (1) represents the contractual costs
specific to the selected suppliers and average annual procurement
costs. The inventory management costs are the average annual
replenishment setup costs (2), average annual inventory holding costs
(3), and average annual backorder costs (4). In (4), ηð .,. Þ represents
the standardized loss function.Finally, the transportation costs for the
warehouses from the suppliers and other warehouses in the network
are captured by (5). As explained previously, for each replenishment
order between warehouse iAI and supplier jAJ (or warehouse kA
I and warehouse iAI), we incur pij (pTik) for fixed dispatch, loading/
unloading, and administrative costs and rijdij rTikd

T
ik

� �
for variable

mileage costs. There will be, on average, Yij

nijQ ij

YT
ik

nT
ik
QT

ik

� �
trips between

supplier j (warehouse k) and warehouse i.
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3.3. Related constraints

The main constraints of this problem are:

� Demand at each warehouse should be satisfied via shipments
from suppliers and/or other warehouses:X
jAJ

Yijþ
X

kAI ;ka i

YT
ik�

X
lAI ;la i

YT
li ¼ E½Di�; 8 iAI : ð6Þ

Constraint 6 states the material flow balance for each ware-
house. The first two parts of the left hand side in this constraint
are related to the material flow entering warehouse i and the last
part is related to the departing flow from warehouse i.

� Warehouses may only be replenished from selected suppliers:

YijrE½Di�Xj; 8 iAI and 8 jAJ : ð7Þ

� A supplier cannot satisfy the demand beyond its annual pro-
duction capacity (without considering disruptions):X
iAI

YijrWjXj; 8 jAJ : ð8Þ

� A supplier can be assigned to a warehouse only if it is selected:

AijrXj; 8 iAI and 8 jAJ : ð9Þ

� Relationships defined for the indicator variables A and AT:

YijrE Di½ �Aij; 8 iAI and 8 jAJ :

YT
ikrE Di½ �AT

ik; 8 i; kAI ;  iak: ð10Þ

The overall model, even without the disruption consideration, is a
stochastic MINLP. In fact, due to dependency issues and order
Fig. 2. Overall solution methodology.

Fig. 3. Detailed soluti
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crossings associated with multiple outstanding orders, it is not
possible to obtain a closed form for the loss function ηð .,. Þ. As
others in the literature [15,25,27,28], we use optimization via
simulation to solve this problem.

Due to constraints (9) and (10), constraint set (7) is redundant;
nevertheless, we keep them in the formulation as they are shown
to be useful in the decomposition of the formulation in Section 4.1.
4. Solution approach

Simulation-based optimization is a solution technique that has
received attention for its ability to solve difficult problems, espe-
cially when the closed form solution of the objective function
cannot be obtained or evaluated. In our solution procedure, as
shown in Fig. 2, decomposition based heuristic algorithm searches
the solution space to form trial solutions. Simulation model acts as
a stochastic evaluator of the solution set passed to it. The best
solution out of the set is reported back to the heuristic in order to
refine the search space in the next iteration.

More specifically, our solution methodology is initiated by the
decomposition based heuristic establishing an initial set of feasible
solutions, each composed of vectors of decision variables per-
taining to the supplier selection, demand assignment, and inven-
tory management. The set of trial solutions, with cardinality of b, is
then passed to the simulation model where a stochastic analysis
with respect to the uncertainties in demand, disruption, and
supplier quality is performed on each trial solution. The solution
with the best performance measure (Z�), i.e., lowest total cost
(GðZ�Þ), is returned to the search engine. The search engine then
restarts the search with the best solution to generate the next set
of trial solutions. This iterative procedure is terminated using an
iteration limit termination condition. At this point, a resulting set
of input parameters is obtained that optimizes (or nearly opti-
mizes) the supply chain network cost performance. In other
words, a solution in the form of a set of selected suppliers (X),
warehouse to supplier and warehouse to warehouse demand
assignments (Y, A and YT ;AT), and warehouse inventory policy
decisions (n;Q ;R;nT ;QT;RT) is obtained that minimizes the total
network cost while adhering to operational constraints (i.e.
capacity and demand).

4.1. Development of the decomposition based Heuristic

Our decomposition heuristic starts with a supplier selection
metaheuristic that determines the selected suppliers X. However,
a complete solution Z for the problem includes all of the decision
variables fX;Y;n;Q ;R;YT ;nT ;QT;RTg. Similar to Keskin et al. [25]
we obtain X through a hybrid scatter search implementation,
however, as opposed to Keskin et al. [25], we generate the
remaining decision variables via decomposition of the problem
on methodology.
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into generalized transportation and generalized inventory opti-
mization as shown in Fig. 3.

4.1.1. Generalized transportation problem: determining Y and YT

Given the selected suppliers, X, we determine the assignment
of warehouses demands to suppliers, Y, and other warehouses, YT ,
by solving the following subproblem:

min
Y;YT

X
iAI

X
jAJ

ðKiþpijþrijdijÞ
Yij

nijQ ij
þ
X
kAI

KT
i þpTikþrTikd

T
ik

� � YT
ik

nT
ikQ

T
ik

2
4

3
5

ðTrSubProblemÞ

subject to
X
jAJ

Yijþ
X

kAI ;ka i

YT
ik�

X
lAI ;la i

YT
li ¼ E½Di�; 8 i:

YijrE½Di�Xj; 8 iAI and 8 jAJ :X
iAI

YijrWjXj; 8 jAJ :

Yij and YT
ikZ0; 8 i & kAI and 8 jAJ :

Note that the TrSubProblem formulation needs the order
quantities nQ and nTQ

T
of each warehouse. Initially, within each

iteration of scatter search, while determining Y and YT , we use the
economic order quantity (EOQ) to estimate the equally dispersed
order quantities of each warehouse from any other entity in the
system, i.e., for each warehouse iAI ,

Q ij ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2KiE½Di �

hi

q
M

and Q
T
ik ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2KT

i E½Di �
hi

r
N�1

;

where M and N are the number of suppliers and warehouses,
respectively. We set nij and nT

ik equal to 1, as in a typical (Q,R)
policy. Note that initializing the order quantity for each supplier or
warehouse with pure EOQ overestimates the real order quantity
since it assumes the whole demand is satisfied by one location. By
scaling the pure EOQ with the number of suppliers and the
number of warehouses, we get a better estimate of the number of
trips between locations and hence, the transportation cost.

Also note that we iterate between generalized inventory opti-
mization and transportation problem so that we reach a con-
vergence for the values of Y, YT , nQ, and nTQT among consecutive
iterations. We observed that, typically, within five iterations, this
convergence is achieved.

4.1.2. Generalized inventory optimization: determining n, Q, R, nT ,
QT , and RT

Once the network decisions are determined, we need to
determine the optimal ðnQ ;RÞ and ðnTQT ;RTÞ. As opposed to
Keskin et al. [25], we propose the following approximation since
the exact solution for this inventory subproblem is computation-
ally demanding, as elaborated in Hadley and Whitin [21], espe-
cially when this subproblem is run in every iteration of the
generalized inventory optimization module within each replica-
tion of the supplier selection search. As shown in Fig. 3, after
obtaining Y and Y

T
from TrSubProblem, by solving an InvProblem

for each warehouse i, we calculate the corresponding order
quantities as:

Qij ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Y ij KiþðpijþrijdijÞ

h i
hi

vuut
; 8 iAI & 8 jAJ ; ð11Þ

QT
ik ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Y

T
ik KT

i þðpTikþrTikd
T
ikÞ

h i
hi

vuut
; 8 iAI & 8ka iAI ; ð12Þ

We emphasize further that compartmentalization of the
inventory decision variables is a requirement for the multi-
Please cite this article as: Firouz M, et al. An integrated suppli
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sourcing environments. First, it is necessary to have different
order quantities from different sources since the order quantity
resolves the trade-off with regards to fixed ordering and inventory
holding costs. When a large portion of the fixed ordering costs are
due to transportation costs among the supplier and the ware-
house, order quantities become specific to each supplier–ware-
house (warehouse–warehouse) combination. Second, the reorder
point is determined using the lead time demand and safety stock,
both of which are influenced by the supply source. The lead time
of a source, the order quantity from that source, and the portion of
annual demand satisfied by that source contribute to the calcula-
tion of the reorder point. Ignoring all of these factors and offering a
single reorder point is an over-simplification of the problem. Fol-
lowing Mendoza and Ventura [29,30], and Pazhani et al. [35], we
also offer the compartmentalized approach to most effectively
capture the benefits of multi-sourcing.

In order to accurately calculate the reorder levels, we use a
service level based calculation, as opposed to shortage cost based
optimization in Keskin et al. [25]. In essence, warehouse i, iAI , has
one safety stock that is fulfilled by a number of suppliers and other
warehouses that source this warehouse. For a specific in-stock
service level (Type I) α, we calculate the reorder point of ware-
house i as Ri ¼ F �1

i ðαÞ. Once Ri is determined, it is rationed
according to the Yij and YT

ik values. More explicitly, we determine a
weight for each supply source:

Ψ ij ¼
YijP

jAJ
Yijþ

P
kAI

YT
ik

for jAJ and Yij40;

Ψ T
ik ¼

YT
ikP

jAJ
Yijþ

P
kAI

YT
ik

for kAI and YT
ik40:

Then, Rij ¼Ψ ijRiþλiLij and RT
ik ¼Ψ T

ikRiþλiL
T
ik.

As stated in Zipkin [52], the ðQ ;RÞ policy is unstable when
quality issues are involved with the ordered quantity Q. The use of
ðnQ ;RÞ policy, ensures the stability of such system in the long run.
Definition of nij and nTik ensures the stability conditions of the
simulation model. Specifically, nij (nT

ik) is the smallest non-negative
integer value that once multiplied by Qij (QT

ik) can bring the
inventory position of the pair to or above the reorder point Rij (RT

ik).
Note that this inventory subproblem, by itself, is quite com-

plicated. Investigation of its solution with other inventory policies
and via other solution approaches is a significant research
direction.

4.1.3. Overall optimization algorithm
Fig. 3 shows the iterative algorithm performed within the

decomposition based heuristic. As explained earlier, InvProblem
and TrSubProblem are run iteratively until a convergence condition
is met for each set of selected suppliers.

Once Z¼ fX;Y;n;Q ;R;YT ;nT ;QT;RTg is generated, these deci-
sions are sent to the simulation module for objective function
evaluation.

4.2. Simulation framework

Our discrete-event simulation has five main modules, each
coded in Cþþ . The modules are (i) network structure and initi-
alization; (ii) order placement; (iii) inventory adjustment;
(iv) main simulator, and (v) cost calculation. Information exchange
(creating events) between these five modules is shown, as a
flowchart, in Fig. 4.

In Fig. 4, a single replication of our simulation model is depicted.
Each time the simulation reads the next event via main simulator
module and required information is obtained from this event. Based on
the event type, and the information stored in the event, the
er selection and inventory problem with multi-sourcing and
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corresponding module or sub-routine is called to process this event.
There are five types of event in our simulation model. Demand, Sup-
plier–Warehouse (S–W) order receipt, Warehouse–Warehouse (W–W)
order receipt, disruption initiation, and disruption termination are
explicitly modeled in the simulation. Each one of these events initiate
each other by means of sub-routines and modules. Since inventory
holding and shortage costs are time-phased averages in our model,
they are updated after each event using the time increment and cor-
responding cost parameters. The process of generating new events
needs to be interrupted at a point by a termination condition. This
termination condition is a maximum run time period and a maximum
replication number in our simulation model, i.e., total simulation time
and number of replications. When process is terminated, the cost
module calculates the corresponding cost factors and reports them
along with the total cost of simulation.

Module 1: Network structure and initialization: In this module,
we set up the supply chain network by specifying the number of
suppliers and warehouses as well as all other warehouse-related
and supplier-related data. In addition, this module is responsible
for setting up the decision variables based on the outcome of the
decomposition based heuristic.

Module 2: Order placement: An order from a warehouse could
be placed with a supplier (S–W) or with another warehouse
(W–W). The inventory levels fluctuate throughout the simulation
due to one of the five events mentioned earlier. In order to capture
the value of multi-sourcing, where multi-sourcing is allowed, we
choose a pair (W–W or S–W) with the maximum inventory to
satisfy the unit demand. It is noted that, as reflected in Section
4.1.2, the compartmentalization of the inventory is necessary in
order to be able to capture the value of multi-sourcing. Even
though there could be other demand satisfaction rules, choosing
Please cite this article as: Firouz M, et al. An integrated suppli
lateral transshipments. Omega (2016), http://dx.doi.org/10.1016/j.om
the source with the maximum inventory reduces both the inven-
tory holding and backorder costs. Additionally, inventory position
is routinely checked and compared to the compartmentalized
reorder level of each pair to determine if an order should be placed
for that pair whenever it is reduced through demand satisfaction
or transshipments. Different order quantities dictate the usage of
different inventory levels and positions, which in turn also justifies
the requirement for separate reorder levels for each pair of the
network. If the shipper of an order is a supplier, an S–W order
receipt event will be scheduled. On the other hand, if the shipper
is another warehouse (transshipment option), a W–W order
receipt event will be potentially scheduled. For lateral transship-
ment considerations, the inventory position of the W–W pair is
also compared to its reorder level at demand events (and trans-
shipments) to determine the necessity of order placement
between the pair. However, placing an order from a warehouse by
another warehouse is more complicated than from a supplier.
When an order is placed with a warehouse, i.e., a supplying
warehouse, in addition to checking the outstanding orders list of
that warehouse, it is necessary to ensure the supplying warehouse
is capable of the transshipment. The transshipment will be
approved only if it is cost-wise effective when compared to other
options including multi-sourcing, single sourcing, inventory
holding, and backordering. This check is run through the simula-
tion model with consideration of the stochastic demand, disrup-
tions, and supplier qualities.

Module 3: Inventory adjustment: An order could arrive from a
warehouse or from a supplier. When the order comes from a
supplier, physical inventory of the corresponding receiving ware-
house is updated. Otherwise, the inventory position of the
er selection and inventory problem with multi-sourcing and
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Table 3
Base case parameters.

Types of facilities Parameters Values Units

Warehouses, Warehouse location [Uð0:00;500:00Þ;Uð0:00;500:00Þ]
iAI λi Uð0:50;1:50Þ Units/hour

hi Uð0:50;3:00Þ (/(unit� year)
si Uð2:50;5:00Þ $/(unit� year)
KT
i Uð700:00;1200:00Þ $/order

Ki Uð500:00;1000:00Þ $/order
Suppliers, Supplier location [Uð0:00;500:00Þ;Uð0:00;500:00Þ]
jAJ cj Uð0:40;2:00Þ $/unit

f j Uð50;000;100;000Þ $/supplier
qj Uð0:60;1:00Þ
θj Uð1:00;7:00Þ Days
νj Uð0:50;2:00Þ Days
Wj Uð7500:00;10000:00Þ Units/year

(Warehouse, Supplier), Lij Uð1:00;2:00Þ
60

h i
� dij Hours

iAI , jAJ rij Uð0:75;3:00Þ $/mile
pij Uð250:00;500:00Þ $/order

(Warehouse, Warehouse), LTik U 1:00;2:00ð Þ
60

h i
� dTik Hours

iakAI rTik Uð0:50;1:50Þ $/mile
pTik Uð125:00;250:00Þ $/order
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shipping warehouse and physical inventories of both warehouses
are updated.

Module 4: Main simulator: This module is the heart of the dis-
crete events simulation. It reads the future events list and extracts
the information of next event to call the proper module or sub-
routine. There are five different events: (i) demand generation;
(ii) disruption generation; (iii) disruption downtime generation;
(iv) S–W order receipt; and (v) W–W order receipt.

When a unit demand event occurs for a warehouse, the
demand sub-routine processes that event. As noted in module 2,
the unit demand is satisfied from the source with the maximum
inventory. Physical inventory and inventory position of this
warehouse are decremented by the demand. Within this sub-
routine, we check whether it is necessary to place an order with
the corresponding source (either a supplier or a warehouse), in
which case module 2 processes this order placement.

Disruption frequencies and disruption downtimes are con-
trolled by the disruption termination and disruption initiation
sub-routines, respectively, for each supplier. When an event of
disruption initiation type occurs for a supplier, a disruption
downtime is generated and a disruption termination event is
scheduled for that supplier. On the other hand, when a disruption
termination event occurs for a disrupted supplier, a time for the
next disruption event is generated and a disruption initiation
event will be scheduled.

Event types S–W and W–W order receipts are processed by
module 3 as explained. In cases with disruption consideration,
when module 2 initiates an order for a S-W pair with respect to
their inventory position and reorder level, an order receipt event
may not be placed in the future events list immediately. This
happens when the corresponding supplier either (i) is disrupted,
or (ii) does not have sufficient inventory. Such orders enter into
the outstanding orders list. When each supplier comes out of
disruption and has sufficient inventory to satisfy the first element
of the list, an order receipt may then be scheduled. Disruptions
pose as an additional delay for an order accordingly. If a particular
source is disrupted, its inventory will likely not be the maximum
one. Hence, this choice also reduces the possibility and the cost of
backorders. Another possibility to avoid backorders is to invoke
emergency lateral transshipments (i.e., reactive transshipments) in
addition to proactive lateral transshipments. We leave this as a
possible future research direction.
Please cite this article as: Firouz M, et al. An integrated suppli
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An important stage of any simulation is its validation. We
validate our simulation using the mixed integer programming
formulation without uncertainty and disruptions. For this purpose,
we compare the cost components of the analytical model with the
output of our simulation model.
5. Computational experiments

In this section, we demonstrate the performance of the solution
method in terms of solution quality and computational speed via
extensive experiments. The decomposition based heuristic
including supplier selection, inventory, and transportation sub-
problems are coded in Cþþ . The transportation subproblem calls
CPLEX 12.6 for optimizing the shipment decisions. The experi-
ments are run on a machine with 2.66 GHz processor and 4GB
of RAM.

5.1. Experimental setup

We consider a firm with 15 warehouses while having a 10-
supplier base. Simulation module evaluates each set of decision
variables with 30 replications, each replication having a length of
5 years. There are 8 h per day and 250 days per year. We calculate
the distance between warehouses and suppliers using the Eucli-
dean (straight-line) distance among coordinates Pi and Pj, iAI and
jAJ ,

dij ¼ dðPi; PjÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi�xj
	 
2þð yi�yjÞ

q 2

:

Similarly, between warehouses, we use the straight-line distance
among Pi and Pk, iAI and kAJ ,

dTik ¼ dðPi; PkÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi�xkÞ2þðyi�ykÞ2

q
:

Both distance measures, dij and dik
T, directly influence the lead

time calculation. We use the uniform distribution to generate
random data for the network parameters with given data ranges.
Warehouse i experiences average unit demand arrivals with rate
λi. Although our solution methodology can be applied to any type
of demand distribution, Poisson demand is considered for com-
putational analysis. Using 8 h as work hours per day and 250 days
as work days per year, the expected annual demand and average
lead time demand are estimated as E½Di� ¼ λi � 8� 250 and E½LTDij
er selection and inventory problem with multi-sourcing and
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� ¼ λi � Lij (E½LTDT
ik� ¼ λi � LTik), respectively. Other problem para-

meters used to generate the base case network are shown in
Table 3. Note that these experimental settings are consistent with
the ones in the literature (see [25,26,29,30]).

We perform two sets of experiments. First set is the disruption
related experiments and the second set is parameter sensitivity
related experiments. Each set of experiments is performed with
three network structures: (1) both multi-sourcing and lateral
transshipment are possible (MS-LT); (2) only single sourcing is
possible (SS); and (3) multi-sourcing is allowed but transshipment
between warehouses is not (MS-NLT). Note that SS and MS-NLT
networks, when compared to the MS-LT network, represent the
value of multi-sourcing and lateral transshipment in the supply
chain network, respectively.

5.2. Supplier disruption experiments: experimental results

Disruption related experiments aim to investigate the effect of
various disruption scenarios on each network structure perfor-
mance. We performed six distinct disruption test cases specified in
Table 4
Disruption experimental test cases.

Test case Explanation Parameters changed

Base case Frequent and
short
disruptions

θj ¼Uð1:00;7:00Þ; νj ¼Uð0:50;2:00Þ.

Test case 1 Rare and long
disruptions

θj ¼Uð40:00;50:00Þ; νj ¼Uð5:00;10:00Þ.

Test case 2 1
2

Base case &

1
2

test case 1

Pðθj ¼Uð40:00;50:00Þ; νj ¼Uð5:00;10:00ÞÞ ¼ 0:50;

Pðθj ¼Uð1:00;7:00Þ; νj ¼Uð0:50;2:00ÞÞ ¼ 0:50.
Test case 3 Split freq &

short based on
unit cost

cjo1:2 : θj ¼Uð1:00;3:00Þ; νj ¼Uð1:00;2:00Þ;

cjZ1:2 : θj ¼Uð3:00;7:00Þ; νj ¼Uð0:50;1:00Þ.
Test case 4 Split rare &

long based on
unit cost

cjo1:2 : θj ¼Uð30:00;45:00Þ; νj ¼Uð8:00;10:00Þ;

cjZ 1.2: θj ¼Uð45:00;60:00Þ; νj ¼Uð5:00;7:00Þ.
Test case 5 Freq & short

for low cj

cjo1:2 : θj ¼Uð1:00;7:00Þ; νj ¼Uð0:50;2:00Þ;

Rare and long
for high cj

cj41:2 : θj ¼Uð40:00;50:00Þ; νj ¼Uð5:00;10:00Þ.

Fig. 5. Total costs in supplier

Please cite this article as: Firouz M, et al. An integrated suppli
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Table 4 with each of the three network structures specified in
Section 5.1.

In Fig. 5, using a radar chart, we present the results for all of
these six disruption test cases. The total cost of each network
structure is shownwith a distinct line style and being closer to the
center of the radar implies a lower total cost. We compare the total
cost of MS-LT with SS and MS-NLT networks. The numbers written
in the parentheses in Fig. 5 are percentage of savings obtained
frommulti-sourcing and lateral transshipments (MS-LT) compared
to single sourcing (SS) and not allowing lateral transshipments
(MS-NLT), respectively. In particular, we calculate the percentage
difference between MS-LT and SS (or MS-NLT) as follows:

%improvement with MS� LT over SS ðMS� NLTÞ ¼ CSSðMS�NLTÞ �CMS�LT

CMS� LT
� 100;

where Cð�Þ represents the cost of the corresponding ð�Þ network.
Fig. 5 confirms cost ordering as MS-LT, MS-NLT, and then SS,

where MS-LT has the lowest cost, and SS the highest. Essentially,
as observed in theory and practice, as the flexibility in the network
structure increases, the cost benefits follow. Additionally, we note
that in all of the test cases, frequent and short disruptions result in
a better overall total cost of the system regardless of the network
type. This result is also in agreement with the general belief that
rare but long disruptions have an adverse impact on the total
system cost.

However, more interesting results are related to the relative
difference between these three networks under these six test
cases. In base case, there is almost no difference between the MS-
LT and MS-NLT. Hence, with frequent but short disruptions, con-
sidering the difficulty of implementing proactive lateral trans-
shipments, it is not desirable to include them just for cost benefits.
In test case 1, all of the network design alternatives have higher
costs. However, rare and long disruptions impact the SS network
the most. Therefore, the overall savings for using MS-LT is the
largest for this case. A similar analysis holds for the savings
obtained from the lateral transshipments.

Based on the settings in test cases 3 and 4, the supplier base is
“mixed” where each supplier has one “good” quality and one “bad”
quality. For instance, in test case 3, a supplier with lower unit cost
has rare and longer disruptions whereas a supplier with higher
unit cost has frequent disruptions with shorter durations. Due to
this diversity, the cost benefits from lateral transshipments are
diminished. It is always possible to find several favorable suppliers
with desired properties. Hence, the difference between MS-LT and
disruption experiments.
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MS-NLT is diminished in these cases. However, SS cannot take
advantage of this diversity since it is limited to selecting only one
supplier.

Conversely, in test case 5, the disruption characteristics are also
based on unit cost, however, the supplier base is not as diverse. In
test case 5, SS and MS-NLT perform similarly in terms of cost
where SS has a better performance compared to other cases and
MS-NLT has a worse one. This finding is interesting as when the
unit cost is split according to the disruption characteristics, SS can
offer a competitive solution as compared to MS-NLT and MS-LT. In
fact, the cost difference between MS-LT and the other two net-
works appears due to existence of lateral transshipments. All of
these cases highlight the situations where it would be useful to
consider more flexibility in the network structure given different
disruption characteristics.

We investigate the contribution of operational cost factors in
different network structures. We define the operational cost
composed of all the previous cost components defined in Section
3.2 excluding the contractual cost in Eq. (1) due to its comparably
bigger magnitude than other cost factors. We consider two specific
test cases: base case and test case 1 (frequent and short disrup-
tions versus rare and long disruptions). We compare the opera-
tional cost division of these test cases for each network structure
in Fig. 6.

As a general observation, as we move from base case to test
case 1, the contribution of backorder costs decreases while that of
the procurement costs increases. Even though one may expect that
with rare and long disruptions, the backorder costs would be
higher. However, in this case, we find the firm more prepared to
hedge against this type of disruption. Long disruption downtimes
force the firm to buy in larger quantities to hedge against the
uncertainty arising from the disruptions and in turn, decrease the
contribution of backorder cost in the total operational cost. With
respect to the changes in disruption characteristics, the other cost
components do not vary as much.

Within the base case, with short and frequent disruptions, as
we move from the MS-LT network towards SS and MS-NLT net-
works, the contributions of holding cost and backorder cost
decrease and that of purchasing cost increase. In both SS and
MS-NLT networks, to satisfy the same demand structure as in an
MS-LT network, the supply chain ends up buying more units of
product from more reliable but expensive suppliers as the
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possibility of back up supplying has been omitted or diminished
significantly. We observe a similar trend for test case 1 with rare
and long disruptions.

5.3. Parameter sensitivity experiments

In this section, we test the sensitivity of the results with regard
to a number of problem parameters. Specifically, we experiment
on a total number of six scenarios across two disruption settings
suggested by base case and test case 1 in Section 5.2, representing
frequent and short versus rare and long disruptions. Our goal is to
investigate the sensitivity of each disruption setting towards the
changes in the network parameters in this section. The details of
each scenario are further explained in Table 5. We note that we
choose these six scenarios as unit costs, supplier quality and
capability, lead times, and inventory parameters are quoted as the
most significant contributors of supplier selection.

Fig. 7 depicts a comparison among these scenarios in terms of
total cost.

Each scenario, exploring the sensitivity of the results towards a
specific parameter within the parenthesis, is tested with three
different network structures in both Figs. 7(a) and (b). Percentage
savings with MS-LT are again given inside the parenthesis com-
pared to SS and MS-NLT, respectively.

In both Figs. 7(a) and (b), as an overall expected result, the MS-LT
network still performs considerably better than SS and MS-NLT
networks. We observed that decreasing the capacity of the suppli-
ers has the most detrimental effect on the supply chain network
performance regardless of the network structure and disruption
setting. Since the contractual cost of the suppliers is one of the main
contributors to the total cost (see Section 5.2), any changes to the
capability of the suppliers have a considerable negative effect on the
total cost of the supply chain network. This is due to the infeasibility
of the solutions with same number of suppliers as in the base case,
since the capacity of the suppliers is not sufficient for satisfying the
overall demand of the warehouses. Therefore, the algorithm resorts
to solutions with more suppliers (or more expensive suppliers with
higher capacity), and ultimately, increasing the overall cost. This
observation is also evidenced in the literature in [45].

Within both Figs. 7(a) and (b), in scenario 1, decreasing unit
cost improves the total cost in all networks, however, the largest
improvement comes from the MS-LT network. Decreasing the
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quality offered by the suppliers, in scenario 2, increases the total
cost of the solutions in all of the networks, but the increase is
minimal with MS-LT network compared to the other two net-
works. The same pattern repeats when lead times are decreased in
scenario 3. This result implies that changes in unit cost, quality and
lead time in supply chains can be handled by an MS-LT network
better than an SS or MS-NLT network. MS-LT network is more
robust and can take advantage of the problem settings in finding
the best solution (see Section 5.3.1).

In both Figs. 7(a) and (b), when two parameters with reverse
effects change simultaneously, (e.g., scenarios 5 and 6), the ana-
lysis becomes more complicated. Although in both scenarios 5 and
6, the MS-LT network results in the best overall cost, but the MS-
NLT network in scenario 5 results in higher decrease in total cost
compared to its total cost under the base case. In scenario 6, all
network settings result in higher costs. This implies that, mostly in
supply chain networks with only single sourcing possibility, higher
cost of backordering dominates and adversely affects the total cost
even though the cost of inventory holding is decreased. This
finding is consistent with findings in the literature.

Comparing each scenario in Fig. 7(a) with the corresponding
ones in Fig. 7(b), we realize that the total cost increases in all of the
scenarios. This result was already stated as the preference of the
frequent and short disruptions to rare and long disruptions in
Section 5.2. However, the more interesting outcome relates to the
comparison of the savings from MS-LT when disruptions are rare
and long in Fig. 7(b) to the savings in Fig. 7(a) when disruptions
are short and frequent. Specifically, in supply chains where dis-
ruptions are rare and long, savings from both multi-sourcing and
lateral transshipment are considerable, even though all of the
network configurations have higher overall costs.
Table 5
Parameter sensitivity experimental scenarios.

Scenario Explanation Parameters changed

Scenario 1 Lower unit cost cj : Uð0:04;0:20Þ
Scenario 2 Lower supplier qualities qj : Uð0:50;0:75Þ
Scenario 3 Lower lead times Lij :

Uð0:50;1:00Þ
60

h i
� dij

LTik :
Uð0:50;1:00Þ

60

h i
� dTik

Scenario 4 Lower supplier capacities Wj : Uð15:00;20:00Þ
Scenario 5 Lower backorder & higher

holding cost
si : Uð1:25;2:50Þ & hi : Uð1:00;6:00Þ

Scenario 6 Higher backorder & lower
holding cost

si : Uð5:00;10:00Þ & hi : Uð0:25;1:50Þ

Fig. 7. Total cost in paramete
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Fig. 8 shows the contribution percentage of each operational
cost factor in the total operational cost within each network
structure for select scenarios in parameter sensitivity experiments.
As expected, when comparing scenario 1 to base case, we see a
decrease in the contribution of the procurement cost in the total
operational cost while giving a higher contribution to holding and
backorder costs. In the MS-LT network, holding cost is a major cost
contributor, while in the MS-NLT network, backorder cost has an
increased contribution. On the other hand, in the SS network,
holding and backorder costs increase simultaneously. In scenario
2, where supplier qualities drop, according to the setting in
Table 5, we observe increased backorder cost and reduced holding
cost. As expected, with lower quality offered by suppliers, the
expected yield from a supplier is reduced. When supplier capa-
cities drop, in scenario 4, SS and MS-NLT networks experience
increases in the backorder cost contribution and decreases in the
holding cost. In scenario 6, we observed a decrease in all opera-
tional cost components while the contribution of the backorder
costs has increased considerably.

5.3.1. Network robustness experiments
An important aspect of a supply chain network structure is

its robustness towards the changes in the parameters of the network. In
our parameter sensitivity experiments in Section 5.3, we investigated
the effect of possible parameter changes on the total cost savings across
all three network structures MS-LT, MS-NLT, and SS. In this section, we
investigate the robustness of each one of these three network struc-
tures towards the changes in the network parameters. Specifically, with
some of the changes, which we call undesirable changes (such as sce-
nario 2 and scenario 4), the total costs of all three network settings
increase and with some other changes, which we call desirable changes
(such as scenario 1 and scenario 3), the total costs of all three network
settings decrease when compared to the base case. However, the more
interesting investigation is that which network setting has the least
increase in total cost with undesirable changes and the most reduction
in total cost with desirable changes in parameters. Fig. 9 shows the
percentage of change in total cost for each network structurewithin the
parenthesis for each scenario next to the scenario name. Specifically,
the numbers inside the parenthesis are calculated as
CScenario
MS� LT �CBC

MS� LT

CBC
MS� LT

� 100; C
Scenario
MS�NLT �CBC

MS�NLT

CBC
MS�NLT

� 100; C
Scenario
SS �CBC

SS

CBC
SS

� 100
� �

for each

scenario where for instance CBC
MS� LT stands for the total cost of the

MS-LT network under the base case scenario. Additionally, a positive
(negative) number in the parenthesis means an increase (decrease) in
total cost. We observe that the MS-LT network setting has the least
increase in total cost with an undesirable parameter change (see, for
r sensitivity experiments.
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Fig. 9. Robustness of different network structures.

Fig. 10. Computation time in experiments (given in seconds).
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instance, quality decrease in scenario 2). Furthermore, when a desirable
change (such as unit cost decrease in scenario 1) takes place in the
network, the MS-LT network has the highest level of decrease in the
total cost. We explain this due to the flexibility of the MS-LT network
towards the supply chain network changes.

In case of scenario 4, where the capacities decrease, there is not
a significant difference between the total cost increases. In sce-
narios 5 and 6, since two parameters are changing at the same
time, it is harder to differentiate network designs for flexibility.

5.4. Computational time

An important factor in comparison of the performance of the test
cases is the solution time. Fig. 10(a) shows this comparison among
network structures under disruption test cases. The SS network per-
forms as the worst in terms of total computation time. This result was
expected due to the requirement of solving an MIP TrSubProblem by
Please cite this article as: Firouz M, et al. An integrated suppli
lateral transshipments. Omega (2016), http://dx.doi.org/10.1016/j.om
addition of the binary assignment decision variables A and AT to
prevent the possibility of multi-sourcing. The MS-LT and MS-NLT
networks perform closely in terms of total computation time with a
maximum of 229 s for MS-LT and 253 s for MS-NLT network. In all of
the test cases, our maximum computation time does not exceed 772 s.
The total computation time of each one of the test cases in parameter
sensitivity experiments are presented in Fig. 10(b). As in Fig. 10(a), SS
network takes longer to run due to theMIP TrSubProblem that needs to
be solved. Therefore, both cost and computational duration perfor-
mances for MS-LT and MS-NLT dominate those of SS.

5.5. Service level experiments

In all of the experiments so far, we use a Type I service level (α)
of 0.99 for calculating R. In this section, we present the results of
experimenting with α over a range from 0.5 to 0.99 with incre-
ments of 0.1. We select base case and test case 1 from the supplier
er selection and inventory problem with multi-sourcing and
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disruption experiments as the basis for experiments and we
examine the results of each test case for all of our network
structures. Fig. 11(a) and (b) show the changes in the overall cost
with respect to α for base case and test case 1, respectively.

Both in Fig. 11(a) and (b), varying α impacts the total cost in a
nonlinear pattern. For the short and frequent disruptions (i.e., base
case), we observe that the best α values for both SS and MS-LT is at
0.99 whereas for MS-NLT, it is at 0.90. On the other hand, for the
rare and long disruptions, the best α values are much lower: 0.80,
0.80, and 0.50 for MS-LT, SS, and MS-NLT, respectively. A lower α
value dictates a lower R, and correspondingly, a lower safety stock.
These results from Fig. 11(a) show that it is better to set higher
service levels for a better overall cost performance when experi-
encing short and frequent disruptions. On the other hand, the
same level of service would result in higher total cost under rare
but long disruptions, as observed in Fig. 11(b).

We explain these observations by further examining the trade-
off between backorder and holding costs. Fig. 12(a) and (b) show
the behavior of the holding and backorder costs with respect to
changes in α for networks MS-LT, SS, and MS-NLT for the base case
(frequent and short disruptions) and test case 1 (rare and long
disruptions), respectively. As α is increasing, the inventory holding
costs are increasing at a decreasing rate and eventually leveling for
all of the network structures for both base case and test case 1. On
the other hand, for backorder costs there is a striking difference
between base case and test case 1. In base case, as α levels
increase, the backorder costs decrease. Hence, together with the
holding cost trend, it turns out that the higher service levels are
most efficient. On the other hand, in test case 1, as α level
increases, backorder costs show less sensitivity towards the α
level. Therefore, in test case 1 with rare and long disruptions, there
Fig. 11. Total cost for

Fig. 12. Holding and backorder
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is not such an obvious trade-off resolution as in the base case with
short and frequent disruptions. Both these findings support the
total cost analysis for different α.

5.6. Supplier selection analysis

As a final analysis, we investigate the important factors that
play pivotal roles in selection of suppliers. As evidenced by recent
literature in [36] and demonstrated in Section 5.3, certain para-
meters are more influential than others. In order to understand
their impact, we mark the factors that affected the supplier
selection. These factors range from single influencing factors as
contractual cost ( f ) and capacity (W) to two way interaction of
these factors as f

W and ν
θ. Notice that the interaction between the

factors can have many combinations, however the most mean-
ingful combinations are presented here. For example, f

W defines
the amount of contractual cost charged by each supplier per each
unit of capacity offered by that supplier and ν

θ appears in the long

run percentage of time that a supplier is available as
ν
θ

1þ ν
θ
. Based on

frequency of selection of the suppliers within each experiment
type and test case, we realized the important factors as Table 6.

In Table 6, we first list the single factors, followed by important
two way interactions and others for all network types (i.e., MS-LT,
SS, and MS-NLT networks).

Table 6 suggests that, in most of the cases, the selection of the
suppliers is explained by a limited number of factors. More spe-
cifically, only in test case 1, we have a more complicated scheme
for selecting suppliers. In other test cases and scenarios, the
selections are mainly based on one and/or two way interactions of
the factors. Surprisingly, unit cost is not selected as the most
important factor as frequently as others. Specifically, in test cases
different α levels.

costs for different α levels.
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Table 6
Factors influencing supplier selection.

Experiment Test case f c q W ν
θ

f
W

f � c W � q Other

Base case ✓ ✓ ✓

Supplier disruption Test case 1 ✓

Test case 2 ✓ ✓

Test case 3 ✓ ✓ ✓

Test case 4 ✓ ✓ ✓ ✓

Test case 5 ✓ ✓ ✓ ✓

Parameter sensitivity Scenario 1 ✓ ✓ ✓

Scenario 2 ✓ ✓ ✓ ✓ ✓

Scenario 3 ✓ ✓ ✓

Scenario 4 ✓ ✓ ✓ ✓

Scenario 5 ✓ ✓ ✓ ✓ ✓

Scenario 6 ✓ ✓ ✓
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2 and 3, the interaction of the contractual cost with capacity and
disruption characteristics of suppliers are the key factors influen-
cing the selection of suppliers. However, the contractual costs or
supplier capacity alone are not as influential individually, espe-
cially in test case 2.

On the other hand, with parameter experiments, in scenario 1,
contractual cost remains important along with disruption char-
acteristics and quality. That is, when unit costs are decreased in a
supply chain network, the reliable suppliers with better con-
tractual cost and quality levels are more desirable. In scenarios 2,
3, 4, and 5, capacity, disruption characteristics, and their interac-
tion help determine the selection of suppliers. However, in sce-
nario 6, where backorder costs are increased and holding costs are
decreased, the interaction of quality and capacity becomes
important in supplier selection.

Overall, for both supplier disruption experiments and para-
meter sensitivity scenarios, contractual cost (f), disruption char-
acteristics (νθ), and contractual cost per unit of capacity ( f

W) are the
most influential factors, as opposed to unit cost identified in the
literature.
6. Conclusions

In this paper, with considerations for multi-sourcing and lateral
transshipment, we develop an integrated supplier selection and
inventory model using optimization via simulation. The optimi-
zation component decomposes the problem into two sub-routines
within a hybrid heuristic. The simulation component with its five
modules guides the optimization component while sorting the
dynamic events and disruptions. The overall approach determines
the most effective strategic (supplier selection) and tactical
(inventory management) decisions with multi-sourcing and
proactive lateral transhipments while considering disruptions and
other complicating constraints.

From the analysis, contractual costs, capacity, and disruption
characteristics of suppliers, and interactions of these factors are
found to be the most significant factors in supplier selection.
Managers for suppliers can increase their appeal in the selection
process by reducing their contractual cost while increasing their
capacity and resiliency towards disruptions. Managers for manu-
facturing firms can reduce their operating costs by selecting sup-
pliers with the lowest contractual cost, highest capacity, and most
favorable disruption characteristics. In addition, transshipments
within the manufacturing firm help to reduce cost, especially
when contractual costs are high relative to backorder costs and
transportation costs. Overall, transshipments appear to shift
transportation cost control from the suppliers to the warehouses.
Therefore, a decision to use transshipments must be analyzed
Please cite this article as: Firouz M, et al. An integrated suppli
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almost as thoroughly as the supplier selection problem. We
observed that savings obtained from multi-sourcing and lateral
transshipments can be as big as 18.01% and 12.59%, respectively.
Frequent and short disruptions are less costly compared to rare
and long disruptions. Supply chain managers should take steps in
collaborating with their suppliers in order to make their disrup-
tions as short of a period as possible with possible contracts on the
maintenance activities. When a supply chain is restricted with rare
and long disruptions, it is especially useful to take advantage of the
MS-LT network setting. Regardless of the structure of the supply
chain, it is especially important to work with the suppliers who
have higher capacity. In other words, higher capacity is one of the
main drivers even if the supply chain needs to resort to a single
sourcing setting. The MS-LT network setting not only results in
significantly lower total costs, but it is also a lot more robust
towards the undesirable changes in the parameters of the network
when compared to an SS or MS-NLT network. MS-LT setting cap-
tures more gains, compared to counterparts, from reductions in
total cost when a desirable change occurs in the network such as
decrease in unit cost or lead times. As opposed to the intuition, we
also show that increasing the service level in frequent and short
disruption settings can achieve lower overall cost.

In the paper, we noted two possible future work that stems
from this research. To reiterate, one immediate research idea is
related to modeling and handling of backorders. It would be
interesting to eliminate back orders by incorporating emergency
lateral transshipments with proactive lateral transshipments.
Investigation of the trade off among lateral transshipments and
backorders is quite scarce in literature. Another immediate
research idea is related to solving the inventory subproblem via
different approaches.

Additional future work may involve including additional costs
in the total relevant costs in order to gain more insights into the
value of strategic supply chain decision making. One such example
is quantity discounts related to unit, contractual, or transportation
costs. Another such example is to explicitly incorporate main-
tenance costs to eliminate or avoid disruptions. Both these cases
cause shifts in the supply chain dynamics that would require new
analytical tools. Another interesting case would be related to
global supply chains and considering extensions associated with
exchange rates, customs, and tariffs. The models presented in this
paper would be a good starting point for these extensions.
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