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A HYBRID MARKOV PROCESS-MATHEMATICAL
PROGRAMMING APPROACH FOR JOINT
LOCATION-INVENTORY PROBLEM UNDER SUPPLY
DISRUPTIONS

EHSAN DEHGHANI, MIR SAMAN PISHVAEE® AND
MOHAMMAD SAEED JABALAMELI

Abstract. This paper introduces a joint location-inventory problem, in which facilities become tem-
porarily unavailable. A hybrid approach based on the Markov process and mathematical programming
techniques is presented to design the distribution network of a supply chain in an integrated manner.
In the first phase, the Markov process derives some performance features of inventory policy. In the
second phase, using outputs of the Markov process, the location-inventory problem is formulated as a
mixed-integer nonlinear programming model. Moreover, a robust possibilistic programming approach is
utilized, which is able to provide a more stable supply chain structure under almost all possible values
of imprecise parameters. Since the proposed problem is complicated to solve by means of exact meth-
ods, we develop a simulated annealing algorithm in order to find near-optimal solutions in reasonable
computational times. The obtained computational results reveal the efficiency and effectiveness of the
proposed solution approach. Finally, some insights are provided and the performance of the proposed
robust optimization approach is compared to traditional possibilistic chance constrained method.
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1. INTRODUCTION

Logistics is the process of planning, executing, and controlling procedures for the efficient and effective
transportation and storage of goods between origin and consumption points in order to meet the demands of
customers [1]. Historically, companies have administered the distribution and storage of products in a disparate
way within different functional departments. However, decisions of supply chain are interrelated to each other
and managers are well informed nowadays that optimizing the logistics system as a whole is an urgent need [2].
For instance, inventory management needs the efficient location of distribution centers (DCs) and the optimal
amount of storage at these centers. An efficient transportation plan also depends on the location of DCs. Gen-
erally speaking, integrating decisions across the supply chain makes a significant cost savings and considerably
affects the customer’s consent that can provide a great benefit to the company in today’s increasingly com-
petitive markets [2]. One of the important integration issues in supply chain is the location-inventory problem

Keywords and phrases: Facility location, inventory control, disruption, Markov process, robust possibilistic programming.
School of Industrial Engineering, Iran University of Science and Technology, Tehran, Iran.

* Corresponding author: pishvaee@iust.ac.ir

Article published by EDP Sciences © EDP Sciences, ROADEF, SMAI 2018


https://doi.org/10.1051/ro/2018012
https://www.rairo-ro.org/
mailto:pishvaee@iust.ac.ir
http://www.edpsciences.org

1148 E. DEHGHANI ET AL.

that incorporates decisions about stocks into facility location and determines location, allocation, and inventory
decisions simultaneously. This problem can be implemented in many businesses, where inventory management
plays a significant role in the distribution and production systems [3, 4].

The dynamic and complex nature of supply chain imposes a wide range of uncertainties, which considerably
influences the overall performance of supply chain network [5]. In this regard, a common event that exists in the
real environment is the disruption possibility of a facility. Traditional studies in the location-inventory prob-
lem generally consider that the constructed facilities are everlasting and do not fail under any circumstances.
However, in practice, facilities are subject to potential operational disruptions due to reasons such as main-
tenance, equipment breakdown, repair, and inclement weather. The failure of a facility will cause customers
either leave service and entail a penalty or travel longer distances to obtain service from another facility. Thus,
system’s operational cost increases and customer satisfaction deteriorates [6]. In some real situations, espe-
cially for strategic level decisions, uncertainty is also associated with lack of knowledge about the exact value
of some ill-defined and imprecise data [7]. In such situations, using stochastic programming methods to deal
with the uncertainty may be impossible since they need reliable historical data. Moreover, applying stochastic
programming models significantly increase the computational complexity of the problem. In this sense, fuzzy
mathematical programming methods that can use both objective and subjective data are the most suitable tools
to handle the ambiguity of parameters [8, 9]. Furthermore, in order to immunize the optimal solution for almost
all possible realizations of uncertain parameters and make a more stable supply chain structure, considering
possible variations existing in parameters over a long-term horizon is critical [10, 11]. This leads to the need to
find a robust solution, which considers feasibility robustness and optimality robustness, simultaneously. Indeed,
robust optimization approach aims to provide the preferred risk aversion of the decision makers and find a
solution which is less sensitive versus changing uncertain parameters [5, 12].

Motivated by the above discussions, the current paper proposes a joint location-inventory problem to design
the distribution network of a supply chain under random supply disruptions. It is presumed that facilities change
intermittently between available and unavailable states. The time period length of each available and unavailable
state is uncertain. An integrated hybrid approach based on the Markov process and mathematical programming
techniques is presented to determine decisions across the supply chain simultaneously. In the first phase, some
performance features of inventory policy, i.e., the number of reorders, the number of shortages, and the mean
inventory level are derived using the Markov process. Then, based on the outputs of the Markov process, the
location-inventory model is constructed to determine the following decisions: (4.1) the number of facilities to be
located; (4.2) the location of facilities; (4.3) the assignment of retailers to opened facilities; and (4.4) the optimal
inventory policy at each established facility. To benefit from both fuzzy and robust programming approaches,
a robust possibilistic programming approach is applied, which is able to make supply chain configuration and
total costs stable when facing uncertainties caused by imprecise data. The proposed problem belongs to the class
of NP-hard problems, since it is an extension of the capacitated facility location problem (CFLP), which is a
well known NP-hard problem [13]. Thus, in order to find high-quality solutions in reasonable times, a simulated
annealing (SA) based meta-heuristic algorithm is developed.

The remainder of this paper is structured as follows. In Section 2, the related literatures towards the
location-inventory, disruption, and queuing-inventory models are reviewed. Section 3 states the assumptions
and objectives of the concerned problem. In Section 4, the hybrid approach is presented to formulate the prob-
lem. A robust possibilistic programming approach is implemented in Section 5. Section 6 provides an efficient
solution procedure for solving the proposed location-inventory model and the computational results and insights
are reported in Section 7. Finally, the concluding remarks and possible future research directions are given in
Section 9.

2. LITERATURE REVIEW

In this section, we first review the literature of location-inventory, facility disruption, and queuing system
with inventory and then introduce the literature gaps, which this study addresses.
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2.1. Location-inventory

Traditionally, the decisions at different levels of supply chain have been taken into account separately that
yield in sub-optimal design [14]. Hence, most of the efforts have tended to incorporate them across the supply
chain [3]. Likewise, given the complex nature of supply-chain integration problems, a number of scholars have
attempted to develop solution methods such as Lagrangian relaxation and meta-heuristic algorithms for solving
them. An early contribution to the joint location-inventory problem was provided by Baumol and Wolfe [15],
who introduced the idea of integrating inventory costs into location models. They developed the uncapacitated
facility location problem and proposed a method that could obtain a local optimum. Barahona and Jensen [16]
proposed a joint location-inventory model and formulated it as an integer programing model. They used a
Dantzig—Wolfe decomposition to solve the model and utilized a sub gradient optimization method to accelerate
its convergence. Daskin et al. [17] presented a facility location problem and incorporated safety stock inven-
tory and working inventory costs in their model. A stochastic three-level supply was presented by Javid and
Azad [18], where a heuristic method based on a hybrid Tabu Search and SA algorithm was applied to tackle
the large instances of the problem. Jin [19] presented a location-inventory problem and developed a solution
procedure based on the Lagrangian relaxation method for solving it in an efficient way. Mousavi et al. [20]
extended a seasonal multiple-product location-inventory problem and proposed two meta-heuristic algorithms
(i.e., particle swarm optimization and SA) to solve the problem. Nekooghadirli et al. [21] devised a novel bi-
objective location-routing-inventory problem and developed four efficient meta-heuristic algorithms for their
model. Diabat and Theodorou [14] investigated a two-echelon inventory management problem and applied a
piecewise linearization to efficiently solve the problem. A mixed integer programming model was devised by
Rabbani et al. [22] to investigate the effect of the lease contract on inventory and pricing decisions. Sadjadi
et al. [23] examined a stochastic location-inventory problem and considered an (S — 1,.5) inventory policy for
opened DCs. They applied a queuing approach to obtain some characteristics of inventory policy and then
formulated the problem using the acquired results. Jindal and Solanki [24] developed a vendor-buyer inventory
model considering inflation and time value of money. The objective of their model was determining the order
quantity, number of lots, and safety factor in a way to minimize the total costs. Liao et al. [25] devised a
multi-objective dual-channel supply chain network model and proposed a heuristic solution approach to solve
it. Implementing neural network and evolutionary algorithms, AmalNick and Qorbanian [26] optimized different
pricing policies under demand uncertainty. Diaz-Mateus et al. [27] presented a non-linear optimization model
for a two-echelon supply chain and developed a meta-heuristic algorithm based on particle swarm optimization
to solve their model.

2.2. Facility disruption

Classic facility location researches often suppose that a facility, once built, will remain functioning forever
during its lifetime. However, facilities may be subject to operational disruptions from time to time in many real-
world problems [28]. Meanwhile, most of studies have addressed this issue in the basic facility location problems
and the body of location-inventory literature is very thin in this part. One of the first studies in this problem
was presented by Drezner [29]. He assumed that facilities become unavailable with a known probability in the
P-median and P center problems. Furthermore, he provided a heuristic procedure for the problem. Lee [30]
presented the formal P-median location problems by taking disruption of facilities into account and minimized
the transportation costs between the customers and available facilities. Babazadeh et al. [31] addressed facility
disruptions in the P-median and uncapacitated fixed-charge location problems. They assumed that if the primary
facility interrupts, the customer is assigned to backup facilities. Lee and Chang [32] provided discrete location
problems, where facilities were subject to failure.

A stochastic supply chain design problem in presence of random disruptions was presented by Aryanezhad
et al. [16, 33]. They supposed that safety stocks are held in each opened DC to provide appropriate service levels
for customers. As such, an effective solution procedure based on genetic algorithm was applied to solve the model.
Chen et al. [28] presented a location-inventory problem regarding disruptions and assumed that facilities may fail
independently with an equal probability. Last but not the least, Zhang et al. [34] devised a discrete competitive
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TABLE 1. Classification of location-inventory papers.

Reference  Year Disruption Inventory Type Uncertainty Solution approach
policy of shortage
(R,T) (SQ) (S—1,5) Backlogged Lost Demand Lead- Cost Capacity Lagrangian Commercial Meta-heuristic
sale Time relaxation software algorithm
(17] 2002 * * *
[41] 2003 * *
42] 2005 * * * *
43] 2007 * * *
2] 2008 * * * *
18] 2010 * * * *
(28] 2011 * * * *
[44] 2012 * * * *
[21] 2014 * * *
3] 2015 * * *
[45] 2015 * * * * *
[23] 2016 * * * * *
Our Work * * * * * * * *

facility location problem under facility failure patterns and developed a variable neighborhood decomposition
search heuristic to solve their problem.

2.3. Queuing system with inventory

In many systems such as production or inventory systems, satisfying demands requires on-hand inventory
and a service or process that takes some times. The important purpose in these systems is the reaction of
inventory management to queuing of demands. The queuing approach is a powerful tool for describing these
behaviors, which contributes to more realistic models [35]. Several papers can be found in literature, which
address this subject. In this regard, Parlar [36] proposed a continuous-review inventory policy considering sup-
plier disruptions and formulated the problem as a semi-Markov process. Mohebbi [37] developed an analytical
model for a continuous inventory policy, where the demand and lead-time followed Poisson and Erlang dis-
tributions, respectively, and stockouts were lost. Schwarz et al. [38] obtained stationary distributions of joint
queue length and inventory processes in explicit product form for different M/M/1-systems. Teimoury et al. [39]
applied a queuing approach for production-inventory planning and presumed that lead-time is uncertain and
follows an exponential distribution. Using an M/G/1 queuing system, Garg et al. [40] developed a multi-item
single stage production-inventory. They obtained optimal production frequencies and proposed an approximate
convex program for calculating the costs.

Table 1 summarizes the main characteristics of the some location-inventory papers and compares them
with the model developed in this study. According to the literature review and Table 1, modeling efforts that
incorporate both inventory decisions and random supply disruptions in context of facility location problem are
very scarce. In addition, these studies mainly assume that the disruptions occur with a known probability.
Also, nearly all location-inventory studies consider backorder for unsatisfied demands, while lost sales shortages
are also applicable in many industries such as consumable products and spare parts (see, Schwarz et al. [38]
and Teimoury et al. [39]). They typically do not consider the lead-time or assume that it is deterministic and
overlook the imprecise nature of parameters such as costs and capacities. These restricted assumptions are not
efficient to tackle real world problems and can result in inaccurate outputs.

To overcome the literature gaps, this paper contributes to the area of joint location-inventory problem in the
following ways. This study is able to incorporate random supply disruptions in the problem. That is, opened
facilities change intermittently between available and unavailable states that period of each state is uncertain.
Considering lost sale shortages is the other issue that distinguishes this study from the ones existed in the
literature. The demands of retailers and lead-time are also considered to be uncertain to make the problem
more realistic. Meanwhile, to the best of our knowledge, this is the first time in the location-inventory problems
that a robust possibilistic program is implemented to cope with the lack of knowledge about the real value
of input parameters. Moreover, to solve the model in a reasonable time, an efficient SA-based meta-heuristic
algorithm is proposed.
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FIGURE 1. Structure of the concerned supply chain.

3. PROBLEM DESCRIPTION

The problem under investigation is to design a three-level supply chain that comprises a supplier, a set
of potential DCs, and multiple retailers. The general structure of the concerned supply chain is shown in
Figure 1. The decisions to be made are: (4.1) the number of DCs to be located; (4.2) the location of DCs; (4.3)
the assignment of retailers to opened DCs; and (4.4) the optimal inventory policy at each established DC.
Additionally, the objective function aims at minimizing the total costs of location, transportation, and inventory.
It should be pointed out that inventory costs include holding, shortage, ordering, and purchase costs.

Specifically, the problem adopts the following assumptions:

e Each retailer is allocated to an opened DC.

e The demands of retailers independently arrive to DC according to a Poisson distribution and each demand
decreases the inventory level for one unit. Hence, by considering the previous assumption, the demands
of each opened DC follow a Poisson distribution with intensity A that is obtained from the sum of its
allocated retailers demand rates.

e Each opened DC has a version of continuous-review inventory policy, which is called (S, @). In this
inventory policy, an order with size @ is triggered as soon as the inventory level becomes equal or less
than the reorder level S. It is supposed that S < @ to prevent the degeneration of inventory cycles, in
which no order is triggered [35, 39]. Besides, inventory management policy follows first come, first served
(FCFS) strategy.

e Each opened DC intermittently switches between two states, i.e., available and unavailable states, based
on an alternating stochastic process. That is, the available and unavailable times are considered to be
uncertain, which are respectively exponentially distributed with parameter o and S (following Parlar
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FIGURE 2. Framework of the proposed hybrid approach.

and Perry [46] and Mohebbi and Hao [47]; with respect to the memoryless property of the exponen-
tial distribution and since constant rates of available and unavailable periods, this assumption may be
acceptable).

e Events of facility failures are independent.

e The opened DCs work as the direct intermediary facilities between the supplier and retailers. In other
words, products are ordered from the opened DCs to the supplier and eventually delivered to the retailers.

e When inventory is depleted or the opened DC becomes unavailable, the arriving demands from its assigned
retailers are lost.

e When each opened DC places a replenishment order to the supplier, it arrives after a random time that
is exponentially distributed with parameter p > 0.

e The costs and capacities of the established DCs are tainted with epistemic uncertainty.

e The supplier is not subject to any capacity restrictions, but the storage spaces of DCs are finite.

4. PROBLEM FORMULATION

In this section, a hybrid approach based on the Markov process and mathematical programming techniques
is presented to design the distribution network of the concerned supply chain. The framework of the proposed
hybrid approach is visualized in Figure 2.
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The Markov process is first applied to derive performance features of inventory policy comprising the number
of reorders, the number of shortages, and the mean inventory level. Notably, queuing-inventory systems are
more practical and general in contrast to traditional inventory models [35]. For more information about the
advantages of queuing-inventory systems, the interested readers can refer to Frizelle [48]. Let us introduce the
following notations:

M, (t)  The level of inventory in opened DCs k at time ¢,
Y (t)  The state of opened DC k at time ¢,

where,

Yy (t) = . . .
0 If the opened DC k at time t is available.

{1 If the opened DC k at time ¢ is unavailable,

Accordingly, {Yy (t), My (t);t >0} is a continuous-time Markov process with state space FEj =
{(0,n)|n=0,1,...,8 +Qr}U{(1,n)|n=1,2,..., Sk + Qk} . Moreover, the steady state probabilities of the
system are as follows:

pox (7) = im {Yy (8) =0, My, (t) =j}  j=0,1,..., 5 +Qx, (4.1)
D1k (]):tlinolo {Yk (t):1,Mk (t):j} j:1727"'7Sk}+Qk}' (42)

The rate diagram of this Markov process is depicted in Figure 3. As it can be seen from Figure 3, when an
opened DC is unavailable (i.e., mode 1), the arriving demands cannot be met. In both available and unavailable
states, when the level of inventory is less than S + 1 and an order arrives from the supplier, the level of inventory
increases for @) units. In addition, opened DC intermittently switches between available and unavailable states
(i.e., mode 0 and mode 1) with parameters « and 3. Noteworthy, when inventory is depleted and the opened
DC does not meet the arriving demands, the failure cannot be occurred.



1154 E. DEHGHANI ET AL.

The equilibrium equations for this Markov process will be:

1For (0) = AxPok (1) (4.3)
O\t + @ + 12) Po (J) = BuPri (J) + MePor (J+1) 1< J <8, (4.4)
O+ ) Por (J) = BuPra () + MePox (J+ 1) Sk +1< J < Qu— 1 (4.5)
(A + ar) Por (J) = BePrk (J) + ApPor (J + 1) + pPox (J — Qi) Qr <J < Qi+ Sk — 1 (4.6)
(Ak + ar) Por (Qr + Sk) = BrPir (Qk + Sk) + pPor (Sk) (4.7)
Bk + 1) P (J) = aPop (J) 1 < J < S, (4.8)
B P (J) = arpPor (J) Sk +1 < J < Qg (4.9)
Be P (J) = arPor (J) + pPu (J = Q1) Qr+1<J < Qr + Sk (4.10)
BrPir (Qr + Sk) = arPor (Qr + Sk) + Pk (Sk) , (4.11)
where, we have:
Qr+Sk Qr+Sk
Z Por (7) + Z P (j) = 1. (4.12)
=0 =1

The required system characteristics of inventory policy are acquired as follows:

e The number of reorders (ROy) : each opened DC orders to the supplier when its inventory level is less
than S+1. Thus, the number of reorders is obtained by equation (4.13).

ROy = Mg [Pok (Sk + 1) + P1y (S + 1)) . (4.13)

e The number of shortages (SOy) : when inventory is depleted or the DC becomes unavailable, the demands
arrived from retailers are lost. Therefore, the number of shortages is calculated as below.

Qr+Sk
SOr =X |Poc (0)+ > Pu(4) | - (4.14)
j=1

e The mean inventory level (MI}) : the mean inventory level is determined by equation (4.15).

J=Qk+Sk
MIy=% " [P (j) + P (7). (4.15)

Jj=1

Now, we introduce the notations used in the proposed mathematical programming model. Note that parameters
with tilde on show coefficients tainted with epistemic uncertainty.

Indices:

K Set of potential DCs, indexed by £,

I Set of retailers, indexed by 1.
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Parameters:

Cr Unit purchase cost of DC k from the supplier(Vk € K),

Tk Unit shortage cost at DC k(Vk € K),

Fy, Fixed (per unit time) cost of locating DC k(Vk € K),

Thi Unit transportation cost from DC k to retaileri (V& € K)(Vi €
),

Ay, Unit ordering cost at DC k (Vk € K),

hy, Unit holding cost at DC k(Vk € K),

Uy Storage capacity at DC k(Vk € K),

Ak Demand rate (Poisson) of retailer ¢ (Vi € I),

9 Weight factor associated with transportation costs,

0 Weight factor associated with inventory costs.

Decision variables:

Zk 1 if DC k is opened, 0 otherwise (Vk € K),

Yk 1 if retailer i is assigned to DC k, 0 otherwise (Vk € K)(Vi €
1,

Sk Reorder level at DCk(Vk € K),

Qx Reorder quantity at DC k (Vk € K),

Ak Demand rate (Poisson) of DC k(Vk € K).

The location-inventory problem can be formulated as follows:

Subject to

Qr+Sk

Min w = Zﬁkzk—ﬁ-ﬁzz TNkiyki)\; 1— Py (0) — Z Py ()
j=1

keK keKiel

103 2 (ﬁkMIk 1 7180k + AyROy, + C‘kROka) .
keK

Suw=1 Viel

keK
Yki < 2, VielVke K

> Nk =M, VkeK

icl

Qk"‘SkSUkzlﬁ Vk e K
Qr>Sk+1, VkeK

yi €{0,1}, Viel,Vke K

2w e{0,1}, VkeK

S, >0 Qr>0 Integer, VkcK.

Equations (4.3)—(4.15).

The objective function (4.16) minimizes the total annual costs of supply chain. The first term shows the costs
of locating facilities. The second term indicates the transportation costs from opened DCs to retailers. Note
that since the shortages are lost, the transportation costs are only computed for the satisfied demands. The

third term shows the inventory costs that include the holding, shortage, ordering, and purchase costs.

1155

(4.16)

Constraints (4.17) impose that each retailer is allocated to exactly one DC. Constraints (4.18) ensure that
a retailer can only be allocated to DCs that are opened. Constraints (4.19) guarantee that the demand rate of
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each opened DC is equal to the sum of demand rates of its assigned retailers. Constraints (4.20) demonstrate
the storage capacities of opened DCs. Constraints (4.21) ensure that if the level of inventory reaches zero,
the inventory system does not remain in shortage incessantly. Constraints (4.22) to (4.24) define the decision
variables.

5. ROBUST OPTIMIZATION

In some real situations, especially for strategic-level decisions, there is no sufficient objective/historical data
and it is difficult or even impossible/meaningless to approximate probabilistic distributions for them. In such
situations, the parameters are tainted with epistemic uncertainty and fuzzy mathematical programming methods
are used to deal with the uncertainty.

Overall, fuzzy mathematical programming methods can be categorized into the two main classes compris-
ing the flexible programming and possibilistic programming methods. The methods of the first class typically
handle the elasticity in goal values of the objective functions and/or the flexibility of constraints (see, Pishvaee
et al. [49], Inuiguchi and Ramlk [50]). The methods of the second class cope with ambiguous/imprecise parame-
ters in the objective functions and constraints, which are mainly formulated by possibilistic distributions based
on the available objective data and subjective information of the decision maker. Our model can be handled by
methods of the second class due to it only includes imprecise parameters [51].

Considering possible variations existing in parameters over a long-term horizon is necessary in order to make
the configuration of supply chain stable and provide solution that is less sensitive to the variations in the noisy
and uncertain data [11, 52]. This leads to the need to find a robust solution, which under almost all possible
realizations of uncertain parameters, it remains feasible (feasibility robustness) and its objective function is
close to optimal value (optimality robustness).

For the goal of using the advantages of both fuzzy programming and robust programming, Pishvaee et al. [49]
introduced a new possibilistic programming approach named robust possibilistic programming (RPP), which
has been constructed based on the possibilistic chance constrained programming (PCCP). In their approach,
trapezoidal possibility distribution, as a more general form compared to triangular form [9], has been utilized to
show the uncertain parameters (see, Fig. 4). Notably, the proposed formulation optimizes feasibility robustness
and optimality robustness beside the expected value of possibilistic objective function.

In the following, we describe how the robust method is implemented to create the crisp counterpart of our
mathematical programming model. In order to work more convenient, we adopt the proposed model (4.16)—(4.24)
with a compact form as follows:

Min w = fz + éx (5.1)
Az < Uz (5.2)
Bz <0 (5.3)
Nz=1 (5.4)
z€{0,1}, x>0 Integer, (5.5)
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where, the vector f relates to the fixed opening and transportation costs. Besides, ¢ attributes to the inventory
costs (i.e., holding, shortage, ordering, and purchase costs) and U denotes storage capacities. Additionally,
the matrices A, B, N are coefficient matrices and the vectors 2z and x represent binary and integer variables,
respectively. Here, it is presumed that the vectors f, ¢, and U are tainted with epistemic uncertainty. Noteworthy,
the necessity measure (Nec), as the most conservative fuzzy measure and at the same time the closest fuzzy
measure to certainty [49], is utilized to model the possibilistic chance constraints with imprecise parameters.
The fuzzy expected value operator (i.e., E [.]) is also used for adapting the possibilistic objective function into
the crisp counterpart. Regarding to the above-mentioned descriptions, the PCCP formulation can be formulated
as below:

Min FEw] = E|[f]z + E[¢]z (5.6)
Bx <0 (5.7)
Nec {AJ: < Uz} >« (5.8)
Nz=1 (5.9)
z€{0,1}, >0 Integer, (5.10)

where o denotes the minimum confidence level of chance constraint. The crisp counterpart formulation of
the aforementioned model (i.e., PCCP model) can be also presented as follows (see, Dubois and Prade [53],
Heilpern [54], and Inuiguchi and Ramlk [50]):

:f1+f2+f3+f4 +cl+62+03+04x

Min F [w] 1 z 1 (5.11)
Bz <0 (5.12)
Az < [aU; + (1 —a) Us) 2 (5.13)
Nz=1 (5.14)
z€{0,1}, >0 Integer. (5.15)
Based on the PCCP model, the RPP model can be formulated as follows:
Min obj=E [w] + ¥(Wmax — Wmin) + 0 [@U1 + (1 — @) Uz — U4] 2 (5.16)
Bz <0 (5.17)
Az < [aU; + (1 — o) Us)z (5.18)
Nz=1 (5.19)
z2€{0,1}, x>0 Integer S5<a<l. (5.20)

Similar to the PCCP model, the first term of the objective function shows the expected value of w, which
measures average total performance of the related system. The second term, 4.e.,7(Wmax — Wmin ), represents the
difference between two extreme possible values of w. In other words, wya.x and wy;, are obtained as follows:

Wmax = faz + c4x, (5.21)
Wmin = f12 + 1. (5.22)

Besides, v indicates the importance of this term against the two other terms in objective function. Indeed, this
term aims to measure the optimality robustness of the solution. The third term of the objective function, i.e.,
0[aU; + (1 — a) Uy — Uy, shows feasibility penalty function, which is applied to penalize violation of the control
constraint. In other words, [aU; + (1 — ) Uy — Uy] illustrates the difference between the value used in chance
constraint and the worst case value of imprecise parameter and § is also the weight of this term in objective
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Improving solution quality at |
the location-allocation phase

v

Improving solution quality at
the inventory and confidence
level phase

Is the stopping
criterion met?

Yes

End

Ficure 5. Flowchart of the proposed algorithm.

pDC [3 231 ... [3] ... 13]3]4]2]
Retailer 1 2 3 4 i n-3 n2 nl n

FIGURE 6. Example of location-allocation representation.

function. In contrast to the PCCP model, here, the minimum confidence level of chance constraint (i.e., «) is
a decision variable and its value is specified by optimizing the mentioned model. Therefore, RPP model avoids
subjective judgment about the best value of o and determines the global optimum value for it. With respect to
the aforementioned explanations, the objective function of RPP model aims to identify the trade-off solutions
between three terms: (4.1) average performance, (4.2) optimality robustness, and (4.3) feasibility robustness [49].

6. SOLUTION METHOD

The presented problem obviously is an extension of the CFLP that is a well known NP-hard problem [13].
Therefore, we develop an SA algorithm to solve the problem in a reasonable time. This algorithm is one of the
powerful meta-heuristic techniques, which have been successfully used to tackle complex models in the literature
of joint location-inventory problems (see e.g., Ahmadi Javid and Azad [55] and Nekooghadirli et al. [56], etc.).
The problem is decomposed into two sub-problems during the algorithm run. First, the location-allocation
decisions are determined. Then, using the results of pervious stage, the inventory decisions and the confidence
levels are specified. This process continues until the algorithm terminates. The flowchart of this process is
illustrated in Figure 5. In this section, we first explain these two sub-problems and then describe the proposed
meta-heuristic algorithm in details.

6.1. Location-allocation phase

At this stage, an array 1 X n is created, where n is the number of retailers. Each cell of the array shows which
facility supplies the demands of the corresponding retailer. A sample array is depicted in Figure 6, in which the
retailers 1, 2, and 3 are allocated to the DCs 3, 2, and 3, respectively.
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6.2. Inventory and confidence level phase

Using the array introduced in Section 6.1, the opened DCs and their allocations can be determined. In the
second stage, the optimal inventory policy and confidence levels for opened DCs are to be specified. Here, the
following model should be optimized for each opened DC (k is index of opened DCs).

Min obj, (u, Sk, Qk) = B [wy] +7 (wy,.. — wy,,.) +0 [axUs, + (1 = ax) Us, — Uy, ] (6.1)

Qr > Sk +1 (6.2)

Sk + Qr < Uy, + (1 — o) Ug, (6.3)

Sk, Qr > 0 integer, .5 < ap <1, (6.4)

where,
, _ ~ ~ Qi+ Sk
W, = 0 [hkak + 7650k + ARROy + CoRORQ | + 931 | 1— Pox (0) = Y P (5) | - (6.5)
j=1
And,

9k =Y ThivkiNi. (6.6)

il
For solving the above model, we suggest the following algorithm.

Step 1: Choose the distinguish ability constant € such that 2 x & > 0, and the allowable final length of
uncertainty such that [ > 0. Let [ay,, ak,] be the initial interval of uncertainty (we take it [0.5,1]).

Step 2: Obtain 2 = % —c and ¢ = w + €.

Step 3: Let Sy = 0 and Obj;! = inf, where inf is a big number.

Step 4: Let Qr = Si + 1.

Step 5: Solve the equilibrium relations and obtain the steady-state probabilities.

Step 6: Obtain the required performance measures.

Step 7: Compute obji (2, Sk, Qk)-

Step 8: If Objzl > objk((}k,Sk,QkL let Ob];l = objk((Zk, Sk,Qk).

Step 9: If Qi > 2 x Uy, + (1 — k) *x Uy, — Sk go to step 10. Otherwise, let Qx = Q + 1 and go to step 5.

Step 10: If Sy > [Qk*U’”H;_Qk)*U“

Step 11: Let Sy = 0 and Obj;2 = inf, where inf is a big number.

Step 12: Let Qr = S + 1.

Step 13: Solve the equilibrium relations and obtain the steady-state probabilities.

Step 14: Obtain the required performance measures.

Step 15: Compute objx(ok, Sk, Qk)-

Step 16: If OijQ > Objk(d)k, Sk, Qk) let Ob];2 = Objk(qf)k, Sk, Qk)

Step 17: If Qr > ¢i *x Uk, + (1 — @) * U, — Sk then go to step 18. Otherwise, let Qr = Qi + 1 and go to
step 13.

Step 18: If S}, > [¢k*Uk1+(;7¢k)*U’“2 , go to step 19. Otherwise, let Sy = S; + 1 and go to step 12.

Step 19: If Obj;! < obj;?, then let ay, = ¢y. Otherwise let oy, = Qy
Step 20: If ay, — oy, <, then stop and let OW; = min(Obj;!, Obj;%). Otherwise, go to step 2.

] go to step 11. Otherwise, let S = Sk + 1 and go to step 4.

The pseudo code of the algorithm is also illustrated in Figure 7.
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Input oy, =.5 ,q;, =1,&,1
While ay ,-a;, > 1 DO
O =2 ¢
b = w + £
Sk =0
Obj**, =inf (inf means a big number.)
While 5, < [P0 C2000k] po
Q=S +1
While (Qk < ‘Qk * Ukl + (1 - ‘Qk) * UkZ
Solve the equilibrium relations and obtain the steady-state probabilities
Obtain the required performance measures
Compute obj, (2, Sk, Qx)
If Objk(.Qk,Sk, Qk) - Obj*lk < 0 Then

Ob].*lk = obji (2, Sk, Qx)

End if
Q=0 +1
End while
Sk = Sk + 1
End while
Sk = 0

Obj*? =inf (inf means a big number.)

While 5, <[22 02000 po
- 2

Q=S +1
While (Q) < &y * Up, + (1 — by) * Uy, — Si) DO
Solve the equilibrium relations and obtain the steady-state probabilities
Obtain the required performance measures
Compute 0bjy (b, Sk, Qi)
If obji(by, Sk, Q) — Obj*zk < 0Then
Obj*zk = Objk(q)krskr Qk)
Endif
Qr=0Qr+1
End while
Sk = Sk +1
End while
If 0bj*', < 0bj*?, Then
akz = q)
Else
ag, =12
Endif

owy = min(Obj*lk, Obj*zk)
End while

FIGURE 7. Pseudo code of the proposed algorithm for determining the inventory decision and

confidence level.

After we obtain the value of OW} for each opened DC, the value of T'C (SO) for corresponding array can be

calculated as follows:

TC(SO) =Y E[F] +7 (Fk, — Fy,) + OW},
keA

(6.7)
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where A is the set of opened DCs in solution SO.

6.3. The proposed SA algorithm

SA was first introduced by Metropolis et al. [57] and later popularized by Kirkpatrick et al. [58]. The SA is
an appropriate solution method for solving complex problems with large solution spaces and produces results
close to the global optimum value in a short period of time [59]. The basic idea behind SA is to permit moves
resulting in solutions with worse quality than the current solution (uphill moves) in order to escape from local
optimum.

The algorithm typically starts from a randomly created initial solution, and randomly transforms to neighbor
solution. If there is an improvement in the objective function (—AFE), transformation to a new solution is
accepted. In addition, the algorithm escapes from a local optimum through accepting not improved solutions
with probability =T, Temperature plays an important role in acceptance of not improved solutions, where the
probability of acceptance will decrease by decreasing of temperature and vice versa. In addition, by decreasing
temperature with low rate at each state, the solution space is searched better.

Now, we describe the implemented SA algorithm. First, we define the parameters of the algorithm as follows:

T Current temperature;
Ty final temperature;
T Initial temperature;

IsA _main  Maximum number of not improved solutions in the outside loop;
ISA _inner Maximum number of not improved solutions in the inside loop;
NTpan  Counter of not improved solutions in the outside loop;

NTinner  Counter of not improved solutions in the inside loop;

SO Current solution;
S0 Initial solution;
SO’ Solution, which is selected in neighborhood SO;

SOpest Best found solution;
TC(SO) Objective function of solution SO;
CR Cooling rate.

The steps of proposed SA algorithm are as follows:

Step 1: Create the initial solution SOy randomly and let SO = SOq, SOpest = SO, T = Ty, NTmain = 0,
NTinner = 0, and Y=False.

Step 2: Create the solution SO" in neighborhood SO.

Step 3: Obtain AE. If AE <0, let SO = SO". Otherwise, produce a random number falling in the (0, 1)
interval and let it ». If r» < e‘TAE then let SO = SO" .

Step 4: If TC(SO) < TC(SO0pest), then let SOpes; = SO, NTinner = 0, and Y=True. Otherwise, let NTipper =
NT‘inner + 1.

Step 5: If NTinner > IsA—inner, g0 to step 7. Otherwise, go to step 2.

Step 6: Let T=CRxT

Step 7: If Y=True, then NT.in = 0. Otherwise, let NTain = NTmain + 1.

Step 8: Let Y=False.

Step 9: If NTiain > Imain or 7' < Ty, then stop. Otherwise, go to step 2.

In Figure 8, the pseudo code of the SA algorithm is given.
In the following, the aspects of the proposed algorithm will be described.
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Input: Ty, T¢, I sa—inners Isa—main, CR.
Generate SO,
Spest = 500,50 = S0y, T = Ty, NTyain =0
While (NTpgin < Isp—main and T = T) DO
NTipner =0
Y = False
While (NTyner < Isa-inner ) DO
Generate SO' in the neighborhood of SO
AE =TC(S0") —TC(SO);
If AE < 0Then
S0 = SO’
If TC(S0) < TC(SOpest) Then
SOpest = SO ; NTipper = 0; Y =True
Else
NTiner = NTinner +1
Endif
Else

Generate r = uniform (0,1) randomly

—AE

If r<eT Then
SO = SO’
Endif
Endif
End While
T=CR*T
If Y = True then
NTnain =0
Else
NTpain = NTmgin +1
End If
End While

Output Best Solution ,Objective function, CPU Time.

F1GURE 8. Pseudo code of the proposed SA.
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TABLE 2. Distribution of the generated parameters.

’

hi Qg Bk Ak Ck Tk Fy, i Uk U T ©9

U[25,35] U[2,3] U[4.5] U[5,10] U[5,10] U[70,80] U[5000,6500] U[75,110] U[15,20] U[150,850] N[4,10] 1 1

6.5.1. Move

Two procedures are utilized to generate a neighbor for solution SO that one of them is randomly selected
with the same probability.

1. Two retailers that are supplied by different DCs are selected randomly and then their DCs are exchanged.

2. A retailer is selected randomly and then a new random DC is considered for it.

6.3.2. Temperature reduction function

The temperature is reduced based on the following geometric function.
Tit =CR x Tit—l- (68)

6.5.3. Equilibrium condition

At each temperature, when there is no improvement after predetermined number of iterations (Isa—inner),
the equilibrium condition is applied.

6.3.4. Stopping criterion

The algorithm is terminated when one of two conditions is satisfied; the current temperature is less than the
final temperature T or the algorithm is not improved after predetermined number of iterations (/sA—main)-

7. COMPUTATIONAL RESULTS

In this section, we perform wide experiments to evaluate the effectiveness and efficiency of the proposed
algorithm. Likewise, we conduct sensitivity analysis and draw some important insights. The algorithm is coded
in C++ language and run on a PC with Intel (R) Core (TM) i5-3210M CPU @ 2.50Hz with 4.00GB of RAM. For
each problem instance, we run the algorithm five times and the average of results is reported. The parameters of
the model are uniformly generated that their ranges are given in Table 2. For each fuzzy parameter, the random
generated value is considered for the value of {5 and other prominent values, i.e., &, &, and &4, are respectively
obtained by multiplying the numbers 0.33, 0.5, and 1.33 by the value of &3.

7.1. Parameter tuning

In this part, we aim to tune the values of algorithm parameters regarding two objectives, which include
quality of solution (cost) and CPU time of algorithm. To do so, we apply a procedure, first introduced by
Shishebori et al. [60], which has been built based on 2* factorial design. In this procedure, each objective is
considered as a response and expressed by a regression model shown by equation (7.1).

K
RE (xl,xQ, e ,J?K) = BEQ + Z,BEVT@ + Z ZﬂEijinj, (71)
i=1

i<j



1164 E. DEHGHANI ET AL.

TABLE 3. Considered factors and their levels for the proposed algorithm.

NO Factors Low level High level

1 To 1000 1200
2 T 0.01 0.03
3 CR 0.9 0.95
4 ISA—inner 60 75
5 ISA—main 15 25

TABLE 4. Regression model coefficients related to solution quality.

Bo B1 Ba B3 Ba Bs Pz Bz Biu Bis  Baz P Pas Psa Bz Bas
104090 —196 587 960 290 181 —408 —407 265 45 446 —-91 —-bH4 &8 -16 —-307

Bi23 Bi2a  Pras Pisa Piss Pias Posa Bozs  Boas Paas Pioza Biess Pioas Pisas Posas Biosas
—512 —234 140 188 17 379 —151 —-276 —409 -—-535 —409 -—-101 98 208 —602 —152

TABLE 5. Regression model coefficients related to CPU Time.

Bo B1 Bo Bz Ba Bs Bio Bz P Bis Boz Bou Pos Baa P Bas
67.14 —-0.83 —0.03 9.84 742 6.12 —-0.85 —0.16 —1.06 0.97 —0.37 —-3.06 —1.39 0.6 345 14

ﬂ123 ﬁ124 6125 5134 5135 6145 5234 5235 ﬂ245 ﬂ345 ﬂ1234 61235 61245 51345 ﬂ2345 612345
—-0.36 0.05 0.72 042 —0.74 2.77 —229 0.15 —1.56 1.12 —2.55 —0.14 0.59 1.88 —1.77 0.63

where the SEs are regression coefficients and x; is coded variable of factor 4, i.e., if the factor 7 is at high level,
x; is equal to 4+1 and if it is at low level, then x; is equal to —1. Coded variables are often easy to interpret
and preferred for comparing engineering units [61]. As shown in Table 3, five factors are taken into account
to investigate their impacts on the performances of the algorithm. Each factor is also regarded at two levels
and the design is replicated twice. Therefore, 64 experiments are performed while their orders are randomly
generated. The coefficients of each response regression model are reported in Tables 4 and 5. Also, Figures 9
and 10 exhibit the normal probability plots of residuals. It is worth noting that residuals are calculated as the
estimates of experimental errors obtained by subtracting the observed responses from the predicted responses.
From these figures, it seems that the normality assumptions of residuals are agreeable, so we have no reason to
be doubtful that there are any problem with the accuracy of the results.

Each objective is independently optimized using general algebraic modeling system (GAMS) -version 24.1-
software, where CONOPT solver is implemented to solve it. The results are summarized in Table 6. According
to this table, there are some conflicts in the results that we cannot simultaneously adjust a specified constant
value for each factor. Therefore, we utilize a multi-objective optimization method to determine the best values
of the factors. To this aim, we employ the weighted sum method, as shown in equation (7.2).

2 m __ *m
7 — Z wo,, ‘M 7 (7.2)

RE*TTL

m=1

where WO,,, and RE*™ are the weight and the optimal value of the response m, respectively. The multi-objective
model is also optimized using GAMS software that the results (i.e., the optimal values of factors) are given in
Table 7. It should be pointed out that the values of W(O; and WO, are equal to 0.6 and 0.4, respectively.
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FIGURE 9. Normal probability plot of residuals related to solution
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F1cURE 10. Normal probability plot of residuals related to CPU time.

TABLE 6. Best value of the considered factors.

Objectivefunction X7 X5 X5 X§ X¢
Quality -1 -1 -1 -1 -1
CPU time -1 -1 +1 -1 -1
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TABLE 7. Best value of the considered factors.

Objective function X7 X5 X3 XF X;
Quality and CPU time +1 -1 +1 -1 +1

TABLE 8. Comparison of FEM and GAMS software with the proposed algorithm.

No # # GAMS FEM Proposed
Potential Retailers algorithm
DCs
Cost () CPU Cost () CPU Cost ($) CPU  GAP1 GAP2
time time time (%) (%)
(sec) (sec) (sec)
1 2 4 50690.23 6307.2 50690.23 0.29 50690.23 9.71 0 0
2 3 7 78599.52 9602.64 78599.52 48.64 78599.52 13.42 0 0
3 4 9 105115.01 10800 103 388.42 6252.26 103 388.42 16.97 0 1.64
Limit
4 5 10 117112.52 10800 114293.48 209764.37 114 323.04 48.83 —0.02 2.38
Limit
5 6 15 181420.17 10800  — - 175948.1802 98.003 - 3.01
Limit

GAP1(%) = 100 x (FEM. Cost — SA. Cost) /FEM.Cost.
GAP2(%) = 100 x (GAMS. Cost — SA. Cost) /Gams.Cost.

7.2. Validating the proposed algorithm

In order to validate the applicability and effectiveness of the proposed algorithm, its performance is first
compared with full enumeration method (FEM) and GAMS software. FEM tests all possible solutions for array
introduced in Section 6.1 and chooses the best solution. In other words, if the problem includes n retailers and
m potential DCs, then all m"™ alternative solutions are checked. From Table 8, one can see that the solutions
of the proposed algorithm are optimal for instances 1, 2, and 3 and the gap is 0.02% for instance 4. Thus, it is
evident that the solutions of the proposed algorithm are optimal or near-optimal. For instance 5, FEM is unable
to report solution within 72 hours, while the maximum CPU time of the proposed algorithm is 98.003 seconds.
Therefore, with increase in size of the problem, the CPU time of FEM exponentially grows, while it has not
significant effect on the CPU time of the proposed solution approach. The results also corroborate that the
proposed algorithm has better performances than GAMS software in both terms of the solution quality and
CPU time.

The proposed algorithm is also compared with the genetic algorithm in larger instances. The initial solutions
and stopping criterion for both algorithms have been accounted to be identical. The results are given in Table 9.
What is observed from the results is that in term of CPU time, the proposed algorithm outperforms the genetic
algorithm. As such, in term of solution quality, the proposed algorithm mainly has better performances. Overall,
it can be resulted that the proposed algorithm performs efficiently.

7.3. Sensitivity analysis

In this section, sensitivity analysis is carried out to investigate the impacts of parameters on the number of
opened DCs and the objective function.
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TABLE 9. Comparison of the genetic algorithm with the proposed algorithm in larger size instances.

Genetic algorithm Proposed algorithm GAP(%)
Data set ~ No # # Cost ($) CPU Cost (9) CPU
Potential Retailers time time
depots (sec) (sec)
Medium 1 6 15 175922.3 114.45 175948.18 98.003 —0.0147
2 8 20 242 408.1 182.545 242 510.13 152.997  —0.04280
3 10 25 297247.5 232.241 297 069.84 194.617  0.0597
4 12 35 413632.8 395.776 410854.63 319.184  0.671
5 15 45 539 702.7 572.375 533 092.37 414.767  1.2248
Large 6 17 55 647 988.4 786.22 636 255.89 669.877  1.8106
7 19 70 813654.9 1166.143 790903.81 959.478  2.7961
8 21 80 922279.9 1323.44 901 226.33 1203.768 2.2827
9 28 95 1111873 1536.85 1074 769.8 1455.63  3.337
10 35 100 1154040 16451.52 1123858.60 1596.881 2.6152

GAP(%) = 100 x (GA.Cost — SA.Cost) /GA.Cost.

Number of opemed DCs
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FIGURE 11. Sensitivity analysis of the number of opened DCs with respect to the value of p.

7.8.1. Number of opened DCs

This sub-section aims to examine the effects of parameters on the number of established DCs. Figure 11
shows as the value of p gets to be larger, the number of opened DCs decreases. The rationale behind this is
that with increase in the value of u, the orders of opened DCs are supplied sooner and less retailer demands are
lost. Therefore, an opened DC can cover more retailers and the supply chain opens less opened DCs to decrease
its setup costs. We multiply different integer coefficients by the repair and break rates of potential DCs and
then study their impacts on the number of opened DCs. The results are shown in Figure 12. It can be seen that
when the repair rates of potential DCs increase, more DCs are opened. On the other hand, as the break rates
of potential DCs increase, the number of opened DCs decreases. It is manifested that the supply chain tends
to open more strength DCs. Figure 13 compares the number of opened DCs for different instances between the
PCCP and RPP models. What is seen form the results is that the number of opened DCs in the RPP model is
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FIGURE 12. Sensitivity analysis of the number of opened DCs with respect to the coefficients
multiplied by repair rates and break rates of potential DCs.
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F1GURE 13. Comparing the number of opened DCs between the PCCP and RPP models in
different instances.

greater than or equal to the one in the PCCP model. This highlights that the RPP model provides a risk-averse
method to propose solution that is less sensitive to the variations in the noisy and uncertain data. Figure 14
displays with increase in optimality robustness importance, the number of opened DCs increases in order to
decrease the difference between the two extreme possible values of the objective function and keep it close to
optimal value under almost all possible realizations.

7.8.2. Objective function

We now investigate the behavior of the objective function with respect to the value of p, the repair rates and
the break rates of potential DCs. As shown in Figure 15, with increase in the value of y, the objective function
decreases. The intriguing point is that the rate of decrease in the objective function becomes more stabilized
towards the larger values of u. Practically, it can be inferred that if the supplier can decrease its lead-time in
small ranges of p, significant cost saving may be realized, while much improvement cannot be brought in larger
values of u. Figure 16 displays when the strength of potential DCs increases (i.e., the break rates/repair rates
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FIGURE 14. Sensitivity analysis of the number of opened DCs with respect to the value of ~.
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FIGURE 15. Sensitivity analysis of the objective function with respect to the value of p.

of DCs decrease/increase), the costs of supply chain dramatically decrease. Indeed, as the strength of potential
DCs gets to be larger, DCs are more capable to satisfy the demands and fewer demands are lost.

8. PERFORMANCE ANALYSIS OF THE RPP MODEL

In order to evaluate the effectiveness and desirability of the RPP model, we compare it with the PCCP model.
For this end, 100 realizations of uncertain parameters are uniformly generated. In fact, if & = (£1,&2,&3,84) i
an imprecise parameter with trapezoidal possibility distribution, the realization is created by generating a
random number uniformly between the two extreme points of the related possibility distribution function (i.e.,
&real ~ [€1,&4]). Then, the solutions of the RPP and PCCP models are achieved (i.e., (z*, 2*)) and substituted
in a linear programming model that its compact form is as follows:

minw = frea12™ + Cremx™ + wWR
Az* — R < Upea1 2°

Bx* <0

Nz* =1

~ o~~~
% 0 0 0o
N I S R
—_— O — —
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FIGURE 16. Sensitivity analysis of the objective function with respect to the coefficient
multiplied by repair rates and break rates of potential DCs.
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FIGURE 17. Comparison between the RPP and PCCP models with respect to the average of
the objective functions under random realizations.

R>0. (8.5)

In above linear programming model, R is a decision variable that denotes the violation of chance constraint
under random realization. In other words, if a constraint violates the corresponding crisped capacity, the value of
R is greater than zero and otherwise, it equals zero. In addition, w represents violation penalty. The average and
standard deviation of the objective functions under random realizations are utilized to compare the performance
of the models. The results of this experiment are demonstrated in Figures 17 and 18.

From Figure 17, it can be observed that with respect to the average of the objective functions, the performance
of the RPP model is better when the value of w is greater than about 6000. Additionally, Figure 18 illustrates
that in term of standard deviation, the RPP model has a better performance as the value of w is greater than
about 4000. All in all, it can be said that under higher values of w, the RPP model is more applicable versus
the PCCP model.
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FiGURE 18. Comparison between the RPP and PCCP models with respect to the standard
deviation of the objective functions under random realizations.

9. CONCLUSIONS

This paper proposes a joint location-inventory problem to design the distribution network of a supply chain
under random supply disruptions. Motivated by shortcomings in the literature, this study develops a hybrid
framework based on the Markov process and mathematical programming techniques to determine decisions
across the supply chain simultaneously. In the first phase, some performance features of inventory policy, i.e., the
number of reorders, the number of shortages, and the mean inventory level are derived using the Markov process.
In the second phase, based on the outputs of the Markov process, the location-inventory model is formulated
to determine four decisions: (4.1) the number of facilities to be located; (4.2) the location of facilities; (4.3)
the assignment of retailers to opened facilities; and (4.4) the optimal inventory policy at each established
facility.

This paper contributes to the literature of joint location-inventory problem through the following avenues.
The proposed location-inventory model is able to incorporate random supply disruptions in the problem. That
is, opened facilities change intermittently between available and unavailable states that period of each state is
considered under uncertainty. Considering lost sale shortages is the other issue that distinguishes this study
from the ones existed in the literature. The demands of retailers and lead-time are also uncertain to make the
problem more realistic. In addition, to the best of our knowledge, this is the first time in the location-inventory
problems that a robust possibilistic program is implemented to tackle the lack of knowledge about the real
value of input parameters. Finally, since the proposed problem belongs to the class of NP-hard problems, an
SA-based meta-heuristic algorithm is developed to solve the problem in an efficient way.

Wide experiments are conducted to analyze the performances of the proposed hybrid approach and the
algorithm. The numerical results propose a number of insights. Specially, we show that (4.1) the proposed
solution approach performs efficiently for different sizes of the problem; (4.2) RPP provides solution that is less
sensitive to the variations in the noisy and uncertain data; (4.3) the supply chain tends to open more strength
DCs as well as the costs of supply chain dramatically decrease when the strength of DCs gets to be larger; (4.4)
significant cost savings may be realized, if the supplier can improve its lead-time in small ranges of p; and (4.5)
under higher values of w, the RPP model is more applicable versus the PCCP model.

The current study can be extended in a number of promising ways. Addressing routing decisions in order to
investigate the joint location, inventory, and routing problem is an attractive subject for future research. The
proposed problem can also be extended by accounting multi-product models, multi-echelon inventory control,
and lateral transshipments between facilities. Finally, regarding computational complexity of the problem, future
research may be aimed to develop other meta-heuristic methods for solving it.
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