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Abstract 
 

This paper considers the reliable multi-product multi-vehicle multi-type link 
logistics network design problem (RMLNDP) with system disruptions, which is 
concerned with facilities locating, transshipment links constructing, and also 
allocating them to the customers in order to satisfy their demand with minimum 
expected total cost (including locating costs, link constructing costs, and also 
expected transshipment costs in normal and disruption conditions). The motivating 
application of this class of problem is in multi-product, multi-vehicle, and multi-
type link logistics network design regarding to system disruptions simultaneously. 
In fact, the decision makers in this area are not only concerned with the facility 
locating costs, link constructing costs, and logistical costs of the system but also by 
focusing on the several system disruption states in order to be able to provide a 
reliable sustainable multi configuration logistic network system. All facility 
location plans, link construction plans and also link transshipment plans of 
demands in the problem must be efficiently determined while considering the 
several system disruptions. The problem is modeled as a mixed integer 
programming (MIP) model. Also, a hybrid heuristic, based on linear programming 
(LP) relaxation approach, is proposed. Computational experiments illustrate that 
the provided algorithm will be able to substantially outperform the proposed 
integer programming model in terms of both finding and verifying the efficient 
optimal (or near optimal) solution at a reasonable processing time. 
 

 
Keywords: Multi-product, multi-type transshipment links, multi-vehicles, logistic 
network design, disruptions, reliability, two stage decomposing heuristic, LP 
relaxation, heuristic algorithm. 

 
 
1- Introduction 

 

   Since the supply chain network design (SCND) is known as a long term strategic decision problem, 
considering various practical factors can help to get more efficient solutions for the problem under 
study. Disruption is known as a key factor in this context. Recently, this topic in the SCND has been a 
challenging issue for the most companies in trade globalization world. 
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   In a glance, supply chains are the subject to several potential sources of disruptions, where 
disruptions are unplanned and unanticipated events and disrupt the normal flow of products and 
materials within a supply chain. The disruption at one member of a supply chain (SC) can result in a 
significant influence over the entire chain. SCs are subject to several potential sources of disruptions. 
Some of them are external sources (e.g., natural disaster, terrorist attack, power outages, and supplier 
discontinuities) and some of them are internal sources (e.g. industrial accidents, labor strikes). 
Although these disruptive events may only lead to short-term facility contingencies, they can also 
cause not only serious operational consequences, such as higher transportation costs, order delays, 
inventory shortages, loss of market shares, and so on, but also extended negative financial effects. 
   This paper studies the problem of designing a supply chain network, subject to system disruptions 
(including facility disruptions and transshipment link disruptions). Once such a SC infrastructure is 
built, it will be very difficult and costly to modify the design. Therefore, it is much worthy to design a 
SC that achieves continuity and efficiency in the presence of all sorts of disruptions from the start. 
   The main contributions of this study are arranged as follows: (i) the reliable multi-product multi-
vehicle multi-type link SCND problem is studied regarding to facility disruptions and transshipment 
link disruptions simultaneously. (ii) An efficient heuristic algorithm, a hybridization of the LP 
relaxation, and a two stage decomposing heuristic, is proposed to solve the problem by near-optimal 
solutions in a reasonable time. To the best of our knowledge, a study such as this is not conducted till 
now. 
   The remainder of this paper is organized as follows: Section 2 provides a relatively comprehensive 
literature review in three main steams. The problem definitions and the proposed mathematical 
programming model are proposed in Section 3. Then, in Section 4, a hybrid heuristic algorithm, a 
hybridization of the LP relaxation, and a two stage decomposing heuristic, are described with detail. In 
Section 5, analysis of solving the test problems, computational results and discussions about the 
efficiency of the proposed Hybrid Heuristic Based on Linear Programming Relaxation (HHBLP) 
algorithm are presented. Finally, conclusions and guides for future research are discussed in Section 6. 

 
2- Literature review 
   In the SCND and logistics literature, system disruptions are known as a special issue of supply 
uncertainty. These disruptions are introduced as random events that cause a supplier or other elements 
of the supply chain to stop functioning, either completely or partially, for a (typically random) amount 
of time. Several robust strategies and approaches have been proposed to mitigate the effects of supply 
chain disruptions and improve the efficiency of SC and its logistics at disruption conditions. For more 
study, the reader is referred to the review by (Snyder and Daskin, 2006) and (Snyder et al. 2012). 

In order to place our contribution in the right perspective, three main streams of the literature can 
be reviewed that may be of interest for comparison: (i) the literature on SCND subject to facility 
disruptions (ii) the literature on SCND subject to transshipment link disruptions (iii) the literature on 
multi-product multi-vehicle multi-type link SCND. It is noted that in this study, the system disruptions 
are defined as facility disruptions and transshipment link disruptions. 
 
2-1- Facility disruptions 
   The literature related to facility disruptions demonstrates that as one of the first studies, Drezner 
(1987) proposed some mathematical models for facility location with unreliable suppliers and studied 
the unreliable p-median and (p,q)-center location problems, in which a facility has a specified 
probability of becoming passive. In the following studies, (Snyder, 2003), (Snyder and Daskin, 2005) 
and (Snyder and Daskin, 2007) developed several mathematical programming formulations for the 
reliable p-median and fixed charge problems based on different level assignments, in which the 
candidate sites are subject to random disruptions with equal probability. Several approaches have been 
considered to address the facility disruptions within mathematical formulations (Snyder et al. 2012).  
   Scenarios are a known approach related to uncertain conditions. In most of the stochastic 
programming models, there are disruption scenarios in which all (or sometimes a sample of) the 
disruption scenarios are enumerated. This approach is intuitive and allows for statistical dependence 
among disruptions, but as the problem size grows exponentially with the number of facilities, it 
becomes non-practical. Models using this approach are proposed by (Shen, 2009), (Snyder and 
Daskin, 2006). (Peng et al., 2011) studied the effect of considering reliability in logistic network 
design problems with facility disruptions as several scenarios. They demonstrated that applying a 
reliable network design is often possible with negligible increases in total location and allocation 
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costs. In their study, they considered open/close decisions on nodes but not on links of the commodity 
production/delivery system. By applying the p-robustness criterion (which bounds the cost in 
disruption scenarios), they simultaneously minimize the nominal cost (the cost when no disruptions 
occur) and reduce the disruption risk. Moreover, Jabbarzadeh et al. (2012) studied a SC design 
problem in which distribution centers may have partial and complete disruptions. The problem was 
formulated as a mixed-integer non-linear program (MINLP) which maximizes the total profit of the 
system while taking into account different disruption scenarios at facilities. Aydin and Murat, (2013) 
studied the capacitated reliable facility location problem (CRFLP) in the presences of facility 
disruptions as scenarios. They proposed an efficient algorithm as hybridization of particle swarm 
intelligence (PSO) and sample average approximation (SAA) methods. Garcia-Herreros et al. (2014) 
developed a two-stage stochastic program in order to design resilient SCs in which the distribution 
centers are subject to the risk of disruptions at candidate locations. The problem involves selecting 
distribution center locations, determining storage capacities for multiple commodities, and 
establishing the distribution strategy in scenarios that explain disruptions at potential distribution 
centers. The objective is to minimize the sum of investment cost and expected distribution cost during 
a finite time horizon. Cardona-Valdes et al., (2014) formulated a two-stage stochastic problem in order 
to minimize total cost and total service time, simultaneously for designing a two echelon production 
distribution network with multiple manufacturing plants, distribution centers and a set of candidate 
warehouses. They proposed a scenario based approach in order to consider the effects of the 
uncertainty. Ivanov et al. (2014) formulated a multi-period and multi-commodity distribution 
(re)planning problem for a multi-stage centralized upstream network with structure dynamics 
considerations is proposed. Their approach allows considering different execution scenarios and 
developing suggestions on (re)planning in the case of disturbances. Also, the graph of structural 
reliability allows identify the optimistic and pessimistic scenarios. Shishebori and Yousefi (2015) 
proposed an efficient mixed integer linear programming model for a robust and reliable medical 
service center location network design problem, which simultaneously considers uncertain parameters, 
system disruptions, and investment budget constraint. The presented model was modeled according to 
an efficient robust optimization approach to protect the network against uncertainty. 
   Probability distribution terms are another approach in which the probability distributions of the 
uncertain conditions are known for decision makers and the related terms can be applied in proposing 
of mathematical modeling. Berman et al. (2007) formulated a p-median problem with disruptions that 
relaxes the equal-probability assumption made by Snyder and Daskin (2005). They focused on 
structural properties and special cases of their non-linear model. Shen (2009) presented two 
formulations for the reliable facility location problem (RFLP) model of Snyder and Daskin (2005) 
with site-specific disruption probabilities. One model applies a scenario approach within a stochastic 
programming framework, while the other one involves computing the expected travel costs 
endogenously using highly non-linear multiplicative terms in a manner similar to Berman et al. 
(2007). They developed a heuristic based on sample average approximation of Kleywegt et al. (2002), 
for the first model and two greedy –adding– type heuristics for the latter. Computational results 
mentioned that one of the greedy-adding methods is superior to the other two heuristics. Also, a non-
linear formulation for the problem with site-specific disruption probabilities was developed by Cui et 
al. (2010). They reformulated their model using the reformulation-linearization technique (RLT) of 
Sherali and Alameddine (1992), resulting in a model that is both linear in the decision variables and 
polynomial in the problem size. They also introduce a continuum approximation (CA) model that 
requires simulation and regression but may be solved in closed form to allow for managerial insights. 
In another study, Aboolian et al. (2012) reformulated the MINLP model of Cui et al. (2010) by an 
approximate model in which the probability that a customer is assigned to a given facility is calculated 
assuming that all closer facilities are open. They proved that this approximate model provides a lower 
bound on the optimal objective value. Hatefi and Jolai (2015) developed a reliable model for an 
integrated forward–reverse logistics network design, which can cope with both partial and complete 
facility disruptions. Their model is formulated as a stochastic robust programming whose objective 
function is to minimise the fixed opening costs of facilities and the expected cost of disruption 
scenarios, including processing costs, transportation costs, and penalty costs for non–satisfied 
demands. 
   By comparing two scenarios  and probabilistic approaches, one can observe that in the probabilistic 
approach, for each event, a probability distribution is considered and its related probability is proposed 
in the calculations. Although it tends to provide a better perspective of the problem, applying this 
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approach generally leads to a considerable complexity of solving the problem and finding an 
appropriate and effective response for the problem is faced with several difficulties. In contrast, the 
scenarios approach assigned a specified numerical value to each event and this value is used in 
calculating. Although applying these approaches may be lead to reduce the application of the obtained 
solution, using SAA approach, the solving procedure and the complexity of the mathematical 
formulation will be significantly reduced even in large sizes, and subsequently, the efficient solutions 
can be achieved at the logical time. 

 
2-2- Link disruptions 
   Some studies, related to link disruptions, were performed. Most of them are extensively discussed in 
the literature on the design of survivable telecommunication networks (Soni 2000). Ferris (2000) 
developed a robust two- stage flow model where the policy determines the amount of flow to be sent 
to the static optimal route and the amount of rerouted flow according to the probability of having a 
disruption. Waller (2002) dealt with disruptions by using online-recourse models where ones real-time 
information become available, the remaining path till the destination is re-evaluated. They proposed 
the algorithms for the online shortest path problems with limited link-cost dependencies. Sever et al. 
(2013) considered networks in which a number of links are vulnerable to disruptions leading to a 
significantly larger travel time on these links. For these vulnerable links, they considered known link 
disruption probabilities and knowledge of transition probabilities for recovering from or getting in to a 
disruption. They developed a framework based on dynamic programming in which they formulated 
and evaluated different known online and offline routing policies. For more review, we refer to Soni 
(2000), Klibi (2009) and Esmaeilikia et al. (2014) review studies. Shishebori et al. (2013) considered 
facility disruptions via a constraint on the maximum allowable disruption cost of the system in the 
context of a facility location–network design problem (FLNDP) with disruptions. They proposed an 
MINLP model for the problem and illustrated it by a case study. Shishebori et al. (2014) consider a 
similar FLNDP and propose an LP-based heuristic to solve it. 
   As a remarkable point, it should be mentioned that survivable networks are defined as networks that 
are still functional after failure in certain components of the network. The flow and cost structures of 
these networks, however, significantly differ from those in supply chains. The focus of survivable 
communication networks is to ensure the connectivity of the network in case of failure, which is 
generally not considered as a major objective in supply chain problems. 

 
2-3- Multi-product multi-vehicle multi-type link supply chain network design 
   Considering several possible aspects of the proposed problem can cause to find more practical 
solutions. This can help decision makers to have several alternatives for the proposed SCND and 
logistics. The several possible aspects can include multi-product, multi-type link, and multi-vehicle. 

Several studies were done at the SCND and logistics regarding to the mentioned topic. Chen and 
Lee (2004) proposed a multi-product multi-stage multi-period model with multiple incompatible goals 
of a multi-echelon SCN as a MINLP, where fuzzy sets were considered to describe the uncertainties 
involved in market demands and product prices. Park et al. (2007) proposed a multi-period multi-
product SC model, including supplier, factory, and distribution center to minimize the total cost and 
presented a genetic algorithm (GA) to solve the problem. You and Grossmann (2008) proposed the 
optimization of a bi-criteria multi-echelon supply chain under demand uncertainty with the goals of 
maximizing the net present value and minimizing the expected lead time. Ferrio and Wassick (2008) 
considered a multi-product chemical supply network including production sites, an arbitrary number 
of DCs, and customers and formulated the problem as a MILP model for redesigning and optimizing 
of the network. The problem was analyzed using the GAMS/CPLEX mathematical programming 
solver. Also, El-Sayed et al. (2010) considered a multi-period three-echelon forward-reverse logistics 
network design in the presence of demand uncertainty in the forward direction and deterministic 
customer demand in the reverse direction with subject to maximizing the total expected profits. 
Mirzapour Al-E-Hashem et al. (2011) modeled a multi-site, multi-period, multi-product three echelon 
SC under uncertainties of cost parameters and demand fluctuations. They proposed the LP-metric 
method to solve the proposed bi-objective problem as a single-objective mixed integer programming 
(MIP). Amrani et al. (2011) presented a multi-commodity production–distribution network with 
alternative facility configuration. The problem was formulated as a MIP model and solved using a 
variable neighborhood search (VNS) method. Bashiri et al. (2012) presented a new multi-product 
mathematical model with strategic and tactical planning and different time resolution decisions for a 
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multi-echelon network. This model was categorized in small, medium, and large scales and was solved 
by the CPLEX solver for small and medium size problems, and by some heuristics to decrease 
solution time of solving large scale problems. Jamshidi et al. (2012) modeled a bi-objective multi-
echelon SCN design problem that in which several transportation options at each level of the chain are 
considered with different costs and a capacity constraint. Badri et al. (2013) developed a new multi-
commodity SCND model with different time resolutions for strategic and tactical decisions. The 
objective function was to maximize the total net income over the time. In addition, a mathematical 
technique based on the Lagrangian relaxation method was developed to solve the problem. Moreover, 
Song et al. (2014) modeled a manufacturing SC problem with multiple suppliers under multiple 
uncertainties such as uncertain material supplies, stochastic production times, and random customer 
demands. Recently, Pasandideh et al. (2014) proposed a mathematical model for a bi-objective 
optimization of a multi-product multi-period three-echelon SC network problem with considering of 
several system uncertainties. The goal is to minimize the total summation of production costs, supply 
and warehouse costs, transportation costs, inventory costs, and shortage costs such that both the 
expected and the variance of the total cost are minimized. Sarrafha et al. (2014) studied a SCND 
involving suppliers, factories, DCs, and retailers. They proposed a multi-period structure such that a 
flow-shop scheduling model in manufacturing part of the SC, and also, the shortage in the form of 
backorder in each period is integrated. Their main goals are minimizing the total SC costs as well as 
minimizing the average tardiness of product to distribution centers (DCs). Soleimani and Kannan 
(2015) proposed an effective solution methodology for the closed-loop supply chain regarding to the 
environmental legislation, customer awareness, and the economical motivations of the organizations. 
Also, they studied improving closed-loop supply chain network optimization processes through 
dealing with mathematical programming tools; developing a deterministic multi-product, multi-
echelon, multi-period model. 
 
2-4- Research gap and the contribution 
   Some of the previous works have studied the SCND and logistics with facility disruptions and 
regarding to link disruptions separately. However, in some manufacturing industries, there are some 
SC and logistics systems in which a variety of disruptions (failures) may happen; i.e., there are 
numerous examples of practical problems in which simultaneously considering supply chain, logistics 
systems, network design, and variety of disruptions (failures) is critical in improving the efficiency, 
usefulness, and security of the system. These examples include pipelines for gas and water, 
infrastructure for airline and railroad networks, and systems for delivering services such as health care 
and education. As a concluding point, the most obvious examples are SC of different spare parts, food 
products manufacturing, petrochemicals, and etc. 
   In contrast to previous works in this constitution, this paper investigates the problem of designing a 
SC network, which consists of suppliers, DCs, and demand nodes as well as some transshipment links. 
They are potential and it should be decided that which potential nodes and links should be built. It is 
obvious that modifying the SCND and its related logistics will be very difficult and costly. Therefore, 
it is important to design a reliable SC that reaches to suitable stability and efficiency in the presence of 
several kinds of disruptions from the start. 

 
3- Problem definition and formulation 
   The working conditions of the RMLNDP can be described as follows. Suppose that there is a SC 
network GG = (G , A). Let GS, GT , and GD signify the sets of supply, transshipment, and demand 
nodes, respectively. Also, the G0 is defined as the set of all supply and transshipment nodes (G0 = GS ∪
 GT), which are the nodes for which open/close decisions are necessary. The set G0 can be called 
‘‘facilities’’. Let S be the set of scenarios, each of which specifies a set of facilities and transshipment 
links that are simultaneously disrupted. Suppose s=0 as the nominal scenario in which no disruptions 
happen. The set P illustrates several types of products that should be produced and transshipped to the 
demand nodes. The set L presents different kinds of transshipment links. For example, for each link, it 
is assumed those three different levels of quality (i.e., |L| = 3) can be considered; each of which is 
defined as following: the dirt road (type 3), the paved road with low quality (type 2) and the paved 
road with the standard quality (type 1). As it should be expected, if a link with type 1 quality is 
constructed, its construction cost will be more than the other types while, its capacity is more and its 
transshipment cost is lower than the other types of connecting links. Here, links (roads) with three 
quality types are defined; however, several quality types can be defined for the problem. The set V 
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shows several types of transportation vehicles. The best type of the vehicle has the highest cost of 
investment, but the lowest cost of transportation and the worst type is vice versa. 
   In order to avoid the infeasible situations, a penalty fee is ordained for the demands of nodes that 
cannot feasibly be met. It can be denoted that these demands are fulfilled from some outside suppliers 
as emergency facilities but with high transportation costs. Also, it can be interpreted that the demand 
of a node can be not to serve if the penalty is smaller than the cost of serving the demand of the node. 
In this paper, this contingency is considered by assuming that NS contains an ‘‘emergency facility’’ 
that has no fixed cost and it is never disrupted, and also has infinite capacity. Obviously, it is always 
open in the optimal solution and doesn’t have any disruptions. For each transshipment link, from the 
emergency facility to other nodes, the unit transportation cost is equal to the unmet-demand penalty 
fee. Assumptions, sets and parameters of the problem are defined as follows: 

 
Assumptions: 
 

 
1. Each node of network denotes a demand node. 
2. Each node can be a supply center or demand center; i.e., at each demand center, a supply 

center can be opened. 
3. At most one new supply center can be located at each node. 
4. All travel costs are symmetric. 
5. All network links are directed. 
6. All supply centers and network links are unreliable and may have some disruptions with a 

failure probability. 
7. The disruption probability of supply centers and network links are determined as scenarios 

by professional experts. 
8.  For each link, three different levels of quality can be considered; each of which is defined as 

following: the dirt road (type 3), the paved road with low quality (type 2) and the paved road 
with the standard quality (type 1).  

9. If a link with type 1 quality is constructed, its construction cost will be more than the other 
types while, its capacity is more and its transshipment cost is lower than the other types of 
connecting links. 

 
 

Sets: 
G:   set of nodes (G = GS∪GT∪GD), 
G0: set of "facilities" nodes (G0 = GS∪GT), 
P:   set of products (P=1, 2, 3, …) 
L:   set of several quality types of transshipment links (L=1, 2, 3, …) 
V:   set of several types of transportation vehicles (V=1, 2, 3, …) 
A:  set of potential transshipment links 
S:  set of scenarios. All possible scenarios; each scenario illustrates the facilities and also link 

disruptions 
 
 

Parameters: 
fj    = fixed cost of locating of facility j∈G0 

πs   = probability of happening of scenario s∈S 
cij

l   = construction cost of link (i, j)  ∈A with quality type l (l∈L) 
tij

plv= unit transportation cost of product p (p∈P) on link (i, j)  ∈A with quality type l (l∈L) by 
vehicle v (v∈V) 
γij

v  = investment cost of vehicle v (v∈V) at link (i, j)  ∈A 
Uij

max = maximum number of vehicle types that can be used at link (i, j)∈A 
bj

p = bj
p≥ 0 if j∈Gs, representing the supply of product p (p∈P); bj

p = 0 if j∈GT, representing the 
transshipment of product p (p∈P); and bj

p≤ 0 if j∈GD, representing the demand of product 
p(p∈P) 
Φj

s = 1 if facility at node j ∈N0 is disrupted in scenario s∈S , 0 otherwise 
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Ωij
s = 1 if link (i, j)  ∈A is disrupted in scenario s∈S , 0 otherwise 

Δij
lvs = 1 if vehicle v (v∈V) at link (i, j)  ∈A with quality type l (l∈L) is disrupted in scenario s∈S 

, 0 otherwise 
 
Although the Φj

s, Ωij
s, and Δij

lvs are defined as binary parameters, the proposed mathematical 
programming model has good functionality if these parameters may also be fractional, representing 
partial disruptions. 

 
Decision variables: 

Zj = 1 if a facility is located at nodej∈G0 , 0 otherwise 
Xij

l = 1 if link (i , j) ∈A is constructed with quality type l (l∈L) , 0 otherwise 
Wij

v = 1 if vehicle v (v∈V) is established at link (i , j) ∈A , 0 otherwise 
Yij

plvs = amount of flow of product p (p∈P) on link (i ,j) ∈A with quality type l (l∈L) by vehicle v 
(v∈V) in scenario s∈S 

 
 

Therefore, we propose the following MIP model for the RMCLNDP. 
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The objective function (1) minimizes the expected total costs (ETC), including fixed location costs, 
link construction costs, vehicle establishment costs, and also the expected transportation costs for all 
possible scenarios with respect to their probabilities. Constraints (2)–(4) are known as the flow 
conservation constraints. Constraints (2) emphasize that, for supply nodes, the flow out should be less 
than or equal to the supply. Also, constraints (3) enforce that for transshipment nodes, the flow in 
should be to equal the flow out. Sequentially, for demand nodes, constraints (4) ensure that the flow in 
will be to equal the demand. It is noted that each of supplier, DCs and demand nodes can be applied as 
transshipment nodes, i.e., the demands can be imported and exported from each of supplier, DCs and 
demand nodes. Constraints (5) ensure that the demands can be allocated in any scenarios when a 
facility at node j is opened (i.e. Zj=1), and prevent any flow when it is closed or disrupted. Moreover, 
constraints (6) emphasize that the flow through the link (i , j) ∈A can be established when it is 
constructed (i.e., Xij

l+Xji
l=1) and is fully functional in scenario s ∈S, and prevent any flow when it is 

closed or disrupted. Constraints (7) guarantee that the summation of weights of the flow, transshipped 
by vehicle v through the link (i , j) ∈A with type l, can be opened when it is established (i.e., Wij

v=1) 
and is fully functional in scenario s ∈S, and prevent any flow when it is closed or disrupted. 
Constraints (8) prevent links from being opened in both directions with several quality types at once. 
Constraints (9) limit the maximum number of vehicle type that can be used through the link (i ,j) ∈ A. 
Constraints (10) guarantee that the vehicle establishing at link (i ,j) ∈A  can be happed when the link, 
with at least one of the quality type, is opened. Constraints (11)-(13) declare the binary variables and 
finally, constraints (14) guarantee that the variable Yij

plvs will be non-negative. 
Proposition 1 below says that the RMLNDP is NP-hard, since it can be reformulated as an 

extension of the p-LNDP, which is itself NP-hard. 
 

Proposition 1. The RMLNDP is NP-Hard. 
 

Proof. In the p-LNDP, introduced by Peng et al. (2011), let p, the desired robustness level, equal 
infinity; therefore, the p-robust constraint in the p-LNDP is inactive. Moreover, let ps = 1 for the 
nominal scenario s=0 and 0 \{0}sp s S= ∀ ∈ . Also, assume that the disruption scenarios do not 
include any link disruptions and all of the links are uncapacitated. Moreover, assume that there is just 
only one kind of product which is produced and transshipped, there is only one quality type link can 
be opened, and there is only one type of vehicle that can be used though the links. Then RMLNDP 
reduces to the p-LNDP, which is NP-hard Peng et al. (2011); therefore, the RMLNDP is NP-hard. □ 
 
4- Solution procedure 
   Since, the RMLNDP belongs to the NP-hard class of combinatorial optimization problems, it is very 
hard to solve even medium-size test instances with the conventional methods practically especially 
when the number of scenarios considerably grows. Accordingly, proposing an efficient solution 
approach can be necessary and helpful. At the following, the proposed HHBLP algorithm is presented. 
The HHBLP algorithm integrates a heuristic strategy inspired by LP-relaxation to improve the solution 
quality and efficiency. 
 
4-1- Hybrid heuristic based linear programming relaxation (HHBLP) algorithm 
   The proposed algorithm, as an efficient approach, is a hybridization of the LP-relaxation and a two 
stage decomposing heuristic. We consider the combination of the implementation of the LP-relaxation 
in the context of the proposed heuristic and using all of the obtained information of the solutions 
together. This combining approach works as follows.  

 
 At first, the LP-relaxation is applied such that for all of the scenarios, the LP-relaxation of 

the RMLNDP is solved and the vector ZLP is obtained.  
 

 The elements of vector ZLP are not necessarily binary, because we solve the LP-relaxation 
of the RMLNDP. Therefore, the non-zero elements of vector ZLP (called ZLP) are changed 
to 1 at the new vector Z (Znew).  

 At the following, the Znew is used as an input data (initial solution) to the stage 2 of the 
algorithm (Stage 2: Setting and solving at Fig. 3). In fact, the overall logic of the algorithm 
is organized such that the original problem is decomposed into two sub-problems. At the 
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first stage, as the first sub-problem, the LP-relaxation of the RMLNDP is solved and the 
Znew is obtained.  
 

 Then, the Znew is set as the input matrix data to the second stage and the main model 
(RMLNDP) is solved by applying the input matrix data. Accordingly, the complexity of 
the model of RMLNDP is reduced by fixing of some integer variables (i.e., vector Z).  

 
It is mentioned that the HHBLP solves the sample problems to optimality. The main steps of 

HHBLP algorithm are presented graphically in Figure 1. 
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Recalculate the objective function value with the updated vector Znew, the vectors X, W, and matrix Y

∈

Stage 1: Generating and rounding

Stage 2: Setting and solving

Solve the LP-relaxation of the RMLNDP 

Round the zero and positive elements of the ZLP to 0 and 1 
respectively; then save the new vector, named Znew

Generate M independent random samples m    M with scenario sets Nm where |Nm|= N. 

Save the obtained solution as vector ZLP

∈

 
 

 
Figure 1. The main procedure of the HHBLP algorithm 
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5- Results and discussions 
    Numerous test data are generated and solved by the CPLEX 12.1 solver in software GAMS 23.5.1.  
Then, the proposed algorithm is coded in MATLAB R2011a. All computations are carried out on a PC 
with Windows 7 professional, with 2.67 GHz dual core processor and 4 GB of RAM. Also, the CPU 
solution time was limited to 20000 seconds for CPLEX solver and the proposed heuristic algorithms. 
 
5-1- Design of experiments 
   In order to verify the performance of the proposed heuristic algorithms, we solved several test 
problems with different sizes of the test problems which were randomly generated in a manner similar 
to that described in the literature Peng et al. (2011). In more details, the random test problems with 
different size were generated. The number of supply nodes, transshipment nodes and demand nodes 
the number of scenarios at S are varied from 5 to 25. Also, the edge density was chosen from 20%, 
30% and 50%. At the beginning, the number of supplier, DCs and demand nodes was selected and 
then the constructed transshipment links between nodes based on the predetermined probability were 
specified by the edge density. The links between the ‘‘emergency’’ facility and the demand nodes 
were constructed with probability 1. 
   The fixed costs fj of suppliers and DCs are drawn uniformly from [25000, 30000] and [5000, 10000], 
respectively. Also, the unit transportation costs tij

plv are drawn uniformly from [1 , 500]. The unmet-
demand penalty (i.e., the per-unit transportation cost from the emergency facility to each demand 
node) is set to 1500. At each demand node, the parameter bj

p (representing the negative of the demand 
of product p) is drawn uniformly from [-110 , -50]. At each supply node, the supply bj

p is determined 
as follows. To ensure the feasibility of the model under most of the data sets, we first calculate the 
average required supply of product p, s  , by: 

 

.Dp p

S

G
s d

G
=  

(33) 

 
Where pd  is the average demand of product p, which is set to 50, 60, and 70 respectively in our 

case. Each bj
p is then drawn uniformly from 1.5 ,2.5p ps s   . 

The capacity of the emergency facility is always set to infinity. We generate disruption scenarios 
randomly, where each facility may be disrupted with probability q={0.01, 0.03, 0.05, 0.1, 0.15} where 
q presents the set of probability of facility disruptions. Several probabilities are intentionally chosen in 
order to demonstrate the impact of disruptions and the performance of the model when disruption is a 
significant factor. If this process generates duplicate scenarios, then the duplicates are removed and 
the procedure is repeated till the |S| unique scenarios is obtained. 

 
5-2- Algorithm performance 
   Table 1 summarizes the performance of the proposed heuristic algorithm with that of CPLEX. For 
each algorithm, the table represents the run time (“Time”) and objective value (“Cost”). The run time 
for the heuristic includes the time required to solve the LP-relaxation in step 1, which is then used as 
an input for the main step of the algorithm. The table reports the lower bound from CPLEX (“CLB”) 
and from the heuristic (“HHBLP”), where the latter represents the objective value of the LP-relaxation 
solved in step 1 of the heuristic, and the percentage gap between the objective value of the best 
solution found and the corresponding lower bound: 

 

(%) 100 ; (%) 100CPLEX HHBLP
CPLEX HHBLP

CPLEX HHBLP

Cost CLB Cost HLBGap Gap
Cost Cost

− −
= × = ×  

 
Finally, the last two columns give the ratio between the computation times (solution costs, 

respectively) of the two methods: 

(%) 100 ; (%) 100HHBLP HHBLP
Time Cost

CPLEX CPLEX

Time CostRatio Ratio
Time Cost

= × = ×  
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Values less than 100% in the “Time (%)” and “Cost (%)” columns indicate that our heuristic 
outperformed CPLEX with respect to CPU time and solution cost, respectively. (CPLEX may find 
sub-optimal solutions because of our termination settings, as described above.) Our heuristic was 
faster than CPLEX for all instances. In addition, the notation “n/a” in the table indicates that no 
feasible solution could be obtained for that instance in the allowed time (20000 seconds). 

The solutions returned by our heuristic were, on average, 2.65% more expensive than those 
returned by CPLEX (across all instances), and it was able to find the same solutions than CPLEX for 
some test problems. The heuristic is also much faster: it required only 17.91% of CPLEX’s time, on 
average, and failed to find solutions within the time limit for only one of the instances, whereas 
CPLEX failed to do so for 4 of the 20. 

Fig. 2 illustrates the run times of the proposed HHBLP algorithm and CPLEX graphically. Each 
data point represents the related run time value of the instance for each test problem. From Fig. 6, it 
can be concluded that the run time of CPLEX increases sharply as the number of nodes increases; 
moreover, CPLEX cannot solve the instances with more than 25 nodes and 25 scenarios to 10% 
optimality. In contrast, the proposed HHBLP can obtain the same or better solutions in a reasonable 
time compared with CPLEX. 

In Fig. 3, the percentage gap (between the objective value of the best solution found and the 
corresponding lower bound) of CPLEX and the HHBLP are compared graphically. From the figure, it 
can be concluded that the proposed HHBLP has smaller gaps, and also more stability, compared with 
CPLEX. This provides further evidence of the efficiency of our HHBLP. 
 
6- Conclusions and future research 
   In this paper, the reliable multi-product multi-vehicle multi-type link logistic network design 
problem (RMLNDP) is investigated in the presence of several system disruptions. System disruptions 
include facility and transshipment link disruptions. The problem is formulated as a MILP model. It is 
proved that the proposed problem is categorized as a NP-hard problem. Therefore, an efficient hybrid 
heuristic algorithm is proposed which is a hybrid of the LP relaxation, and a two stage decomposing 
heuristic. The results of a detailed comprehensive computational analysis illustrate that the proposed 
algorithm is able to substantially outperform the proposed integer programming model in terms of 
both finding and verifying the efficient optimal (or near optimal) solution at a reasonable processing 
time. Some directions for future research can be organized as follows. Instead of scenario states, the 
system disruptions can be considered as some probability distributions and the RMLNDP can be 
reformulated again. It may lead to a more accurate view of the RMLNDP and sequentially more 
practical solution for the proposed problem. Another contribution of this paper is the testing of other 
hybrid heuristic (meta-heuristic) or approximation algorithms in order to obtain more efficient 
solutions. It can help and guide decision makers in order to make more accurate and practical 
decisions for the proposed logistic networks. 
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Table 1. Comparison of performance of heuristic vs. CPLEX 
 

 
 
 

Test Problem N Se 
  CPLEX   HHBLP   Ratio (%) 

  Value LB GapCPLEX (%) Time (Sec)   Value LB GapHHBLP (%) Time (Sec)   Time Cost 

TP1 5 5  23,645/00 22,056/00 6/720 245  23,645/00 22,056/00 6/720 47/00 
 

19/18 100/00 
TP2  10  25,643/00 23,456/00 8/529 497/0  26,724/00 24,482/00 8/389 72/00 

 
14/49 104/22 

TP3  15  32,603/27 31,456/00 3/519 713/0  33,147/36 31,645/00 4/532 154/00 
 

21/60 101/67 
TP4   20  38,647/00 36,456/00 5/669 975/0  39,247/00 36,671/00 6/564 287/00 

 
29/44 101/55 

TP5 10 5  41,645/34 38,049/62 8/634 1113  42,846/64 40,475/94 5/533 415/00 
 

37/29 102/88 
TP6  10  49,647/64 45,614/61 8/123 2,864/0  50,649/25 49,756/61 1/762 614/00 

 
21/44 102/02 

TP7  15  61,465/91 57,614/91 6/265 3894  62,887/68 59,475/84 5/425 774/00 
 

19/88 102/31 
TP8   20  87,943/64 84,649/65 3/746 5007  91,421/59 86,947/48 4/894 986/00 

 
7/22 103/95 

TP9 15 10  108,302/34 103,642/64 4/302 4,972/0  111,749/26 106,415/47 4/773 992/00 
 

19/95 103/18 
TP10  15  164,619/36 155,675/34 5/433 5,279/0  173,026/49 159,874/53 7/601 1,234/00 

 
23/38 105/11 

TP11  20  259,603/27 254,784/36 1/856 8,764/0  265,145/64 258,749/49 2/412 1,425/00 
 

16/26 102/13 
TP12   25  368,596/34 364,258/61 1/177 13,649/0  374,014/00 366,549/57 1/996 1,697/00 

 
12/43 101/47 

TP13 20 10  398,624/35 391,456/27 1/798 9,026/0  407,457/64 395,621/48 2/905 1,709/00 
 

18/93 102/22 
TP14  15  425,649/84 415,647/34 2/350 12,647/0  442,345/97 421,648/94 4/679 1,947/00 

 
15/39 103/92 

TP15  20  491,346/16 478,346/32 2/646 16479  508,345/67 485,649/74 4/465 2,154/00 
 

13/07 103/46 
TP16   25  *** 528,643/84 *** 20,000/0  588,645/52 528,947/51 10/142 2,314/00 

 
11/57 *** 

TP17 25 10  692,365/13 645,321/79 6/795 17,946/0  708,645/94 661,342/58 6/675 2,297/00 
 

12/80 102/35 
TP18  15  *** 675,324/63 *** 20,000/0  724,312/84 691,426/34 4/540 2,574/00 

 
12/87 *** 

TP19  20  *** 702,648/59 *** 20,000/0  779,456/51 710,628/39 8/830 2,856/00 
 

14/28 *** 

TP20   25  *** 758,649/94 *** 20,000/0 
 

829,648/45 779,345/28 6/063 3,349/00 
 

16/75 *** 

Total AVG           4/85 9,203/50       5/45 1,394/85   17/91 102/65 
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Figure 2. Run times of proposed HHBLP vs. CPLEX 

 
 

 
 

 
 

Figure 3. Performance of the proposed heuristic vs. CPLEX with respect to the percentage gap between the 
objective value of the best solution found and the corresponding lower bound 
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