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ABSTRACT 
A three-echelon supply chain (SC) has been considered in which the disruption may occur in a 
transportation system. The factors of resilience are visibility, velocity, redundancy and flexibility. First, an 
SC is designed and simulated. The simulation is carried out for different scenarios which are a 
combination of different policies. Several outputs including average time in system, utility of resources, 
number of breakdowns, and total cost are computed. Then, fuzzy data envelopment analysis is used to 
identify the preferred scenario. The proposed policy of this study would help managers to identify the 
preferred strategy. The results show the important role of visibility and redundancy among the factors of 
resilience. 
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INTRODUCTION 
Recently companies are affected by a wider range of disruptions than before. It is quite difficult to 
forecast how supply chain (SC) would behave when different disruptions happen.¹ Today's business 
challenges are management and organization of this disruption through the creation of a resilient SC.2 
Moreover, resilience is one of the ways to fight disruptions in the SC.3 In the literature, resilience means 
'the ability to react to an unforeseen disturbance and to return quickly to their original state or move to a 
new, more advantageous one after suffering the disturbance'.4-6Due to the complex nature of the various 
parameters affecting some systems such as big companies, an exact mathematical model for the systems 
does not exist, thus simulation is used for modelling the systems. Simulation is very valuable and widely 
used in various engineering problems.7 According to this method, the indexes and parameters of the 
system are estimated by simulating the real process and the random behavior of the system. In this 
investigation, different objectives such as cost, time in system, etc. are considered to find the best 
scenario, which is the combination of several factors. This study shows that using simulation and applying 
the factors of resilience in case of disruption occurrence in transportation systems lead to better outputs. 
In this paper, different scenarios with different resilience policies in transportation are simulated. Then, 
the scenarios are ranked by the fuzzy data envelopment analysis (FDEA) approach and the best scenario 
is selected in various conditions. 
 
METHODOLOGY 
Simulation represents one of the tools most frequently used to observe the behavior of SCs in order to 
highlight its lack of efficiency and evaluate new management solutions in a relatively short time. The 
simulation is performed for the following outputs: the number of failure, the average time in system, the 
total cost of the system and the average resource availability. Due to imprecise nature of transportation 
delay, an optimistic and pessimistic time has also been considered. For ranking the scenarios, the FDEA 
approach is used. In this study, VisualSimulation Language for Analogue Modelling (SLAM), as a fully 
object-oriented simulation language, is used for modelling and simulating the predefined problem. 
 
FDEA model 
Investigating the efficiency of different scenarios is of interest and the fuzzy data are inputted to the FDEA 
model to obtain the ranking of scenarios. This is obtained by considering pessimistic, optimistic and most 
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likely values. There are 13 scenarios with fuzzy transportation delays and this means that simulation will 
be run 39 times for 39 combinations of all states (pessimistic, most likely and optimistic). 
The FDEA method seems to be suitable for problems associated with uncertainty pertinent to the 
existence of the qualitative data set. The reason for using the FDEA approach is the nature of data which 
are imprecise. Also in the FDEA approach, criteria do not need weighting, while in other approaches such 
as fuzzy technique for order performance by similarity to ideal solution (TOPSIS) and fuzzy analytical 
hierarchy process (AHP), criteria need weighting. Hence, the FDEA approach was chosen to rank the 
scenarios. Saati, Hatami-Marbini, and Makui (2009)8 presented a new method for ranking the efficient 
units based on a Charnes, Cooper and 
Rhodes (CCR) model. This was obtained by adding the  
constraint to the CCR model and achieving the results for a Banker, Charnes and Cooper 
(BCC) model.9 The fuzzy BCC model for ranking the layout alternatives is as follows: 

 
In Model (1), indices i, r and j show the inputs, outputs and scenarios, respectively This is because inputs 
should be reduced, while outputs should be increased in optimisation problems. x~ 

ijand y~ 
ij are, 

respectively, the input and output variables of FDEA which are triangular shaped fuzzy numbers, and x~ 
ip 

and y ~ 
rp are the optimistic value for input variables x~ 

ij and pessimistic value for output variables y ~ 
ij, 

respectively. Substituting fuzzy values x~ 
ij and y~ 

ij with x~ 
ij = (xp,xm,xo) and y = (yp, ym, yo), respectively, 

and using α-cuts method, Model (1) can be stated as follows: 

 
 
In Model (1), a is a parameter belonging to the interval [0 1]. Model (1) is a parametric linear 
programming model which can be used for obtaining the optimum solution for each given value of a. 
Since the objective of this study is to analyse the efficiency of resilience scenarios based on output 
indicators, the output-oriented BCC model has been utilised, and the efficiency and rank of each layout 
are determined based on Model (1) for different αvalue. 
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Investigation 
This study includes an investigation that has an SC consisting of three stages. At the first stage, it has two 
factories that produce five types of parts: three types at the first factory and two types at the second one. 
Let us denote the products of the first as M1, M2 and M3; and of the second as M4 and M5. The supply of 
the first stage is infinite, meaning that whenever we need these parts, they are available. With three 
different vehicles, these parts are transported to two other factories: M1, M2 and M3 to the first factory 
and M4 and M5 to the second one. These two factories assemble the parts into C1 and C2. Again, the 
vehicles transport two of them to a factory where final assembly is done. The appropriate vehicle takes 
the final product to the ultimate plant. A schematic view is shown in Figure 1. For assembly at stage 2, one 
unit of each arrived part is needed; and for assembly at stage 3, 2 units of C1 and 3 units of C2 is needed. 
The time of processing at stage 2 has the exponential. 
 

Figure 1. The SC network. 
 

 
distribution with mean value of 1, and the time at stage 3 has the exponential distribution with mean 
value of 2. Five trucks with capacity of 20 units per load, three trucks with capacity of 30 and Five with 
capacity of 10, are available. 
In order to evaluate resilience strategies in the proposed SC, 13 different scenarios are defined as follows: 
Scenario 1 (basic scenario): In this scenario, the main SC is supposed, without disruption and any 
resilience strategy. For comparing the situations in which disruptions may occur (i.e. the one needing 
resilience factors), we need this basic scenario. 
Scenario 2 (disruption scenario): In this scenario, the disturbance may occur but no resilience strategy 
has been assumed. The failure occurs with a specific distribution. This scenario is needed to evaluate the 
effectiveness of resilience strategies in disturbance situations. 
Scenario 3 (resilient scenario 1): This scenario is our first scenario in which a resilience factor is 
considered. The factor is velocity that means the increase in rate of system recovery. Velocity is one of the 
agility factors, and this makes this scenario agile. 
Scenario 4 (resilient scenario 2): In this scenario, we assume the visibility factor which means the quick 
response of the system to any disruption. In our case, immediately after a truck breaks down, system 
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responds (i.e. there is no delay between failure of a resource and replacing it with another one). As it was 
mentioned, the visibility is one of the agility factors. So in other words, this scenario also expresses the 
agility of the SC. 
Scenario 5 (resilient scenario 3): In this scenario, we are taking the redundancy factor into account. 
Redundancy means the augmentation in the number of resources. 
Scenario 6 (resilient scenario 4): In this scenario, the system has both factors of visibility and velocity 
together. That means the system is definitely agile. The system responds to any disruption without delay 
and repairs with a faster rate. 
Scenario 7 (resilient scenario 5): This scenario includes velocity and redundancy together. In addition to 
availability of more resources, the recovery time is less. The combination of two resilience factors is 
assumed in this case. 
Scenario 8 (resilient scenario 6): In this scenario, the concept of redundancy along with visibility has been 
considered. It is obvious that having extra resources and a quick response to disruption makes the system 
more resilient. 
Scenario 9 (resilient scenario 7): Extra resources and flexibility of using them in place of eachother is 
supposed in this case. The aforementioned characteristics make our system redundantand flexible.  
If a resource breaks down, not only an extra one is available, but also it can be replaced by other 
resources as needed. 
Scenario 10 (resilient scenario 8): Seeking for a resilient system is led to combining redun- dancy, velocity 
and visibility strategies. When a resource needs recovery, the system reacts immediately by offering more 
resources and repairing the failed one rapidly. 
Scenario 11 (resilient scenario 9): Among the resilience factors, velocity, flexibility and redundancy are 
assumed in this scenario. 
Scenario 12 (resilient scenario 10): Visibility, flexibility and redundancy make this scenario more 
resilient. 
Scenario 13 (resilient scenario 11): Finally, in this scenario, all the aforementioned resilient factors are 
taken into account. 
As we mentioned earlier, in each scenario we considered some resilience factors. The summaries of 
assumptions are shown in Table 2. 
 

 
 
Simulation network modelling 
In the simulation network, the products (i.e. raw materials and assembled parts) are considered as 
entities; and the trucks are taken up as resources. In this process, the raw materials are sent into the 
original network by a CREATE node and since the plant orders one unit each day, they double to make 
enough of C1 and triple to make enough of C2. If the requisite resource (i.e., truck) is available, they will 
arrive to the factory where the first assembly gets done. Otherwise, they wait in the AWAIT node. The 
nodes employed for modelling the process are UNBATCH, ASSIGN, BATCH, QUEUE, FREE, COLCT, 
ASSEMBLE, RESOURCE, PREEMPT and TERMINATE. The network of the first scenario shows the situation 
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with no resilience policy. Scenario 2 has the factor of disruption. At the third scenario, velocity, as a 
resilience factor, plays a part. At the fourth scenario, the assumption of visibility is taken into account. 
Scenario 5 has the factor of redundancy. 
 
RESULTS AND DISCUSSION 
After running the simulation, the reports are collected. Table 4 shows the results of simulation for 
pessimistic, most likely and optimistic situations. The transportation delays of these situations are shown 
in Table 3. In Table 4, total cost of system consists of the costs of trucks andthe costs to repair them. 
 

 
In this study, the FDEA approach is used as an effective method to rank the scenarios and analyze the 
data. 10 All the performance indicators are imported to the FDEA model in order to determine the 
efficiency score and rank of scenarios. Table 5 shows the results of using the FDEA approach. In a real-
word setting, determining the α-cut value depends on the extent of the system under study. These values 
are related to the measure of certainty in a real-world case. When the certainty increases and the fuzzy 
system goes to the certain situation, αgoes to one; so depending on the limit of certainty, the most 
appropriate α is selected. This study covers a wide range, so the different values of α-cuts between 0 and 
1 are considered. 
As seen in Table 5, for α-cut-1, scenario 1 reaches the first place and this was predictable since this 
scenario is the basic scenario where no disruption happens and no work stoppage occurs. For α-cut-0.01, 
0.1 and 0.2, scenario 4 reaches the first place and this shows the importance of visibility in the system. It 
is certain that a system should be visible to withstand the situations in which disruption may occur, 
because having a clear view of the system becomes more critical in case of a disturbance. Scenario 8 for α-
cut-0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 is the best which shows the significant role of visibility and redundancy. 
Redundancy plays a significant role especially when the disruption occurs in a transportation system 
which is our case. Finally, for α-cut-0.9, 0.95 and 0.99, scenario 5 achieves the first place. The factor that 
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was considered in scenario 5 was redundancy. So, the results of the FDEA approach show the importance 
of considering visibility and redundancy among the factors of resilience. 

 
CONCLUSION 
SCs are facing many unexpected situations that increase their vulnerability to disturbances. So SCs must 
be resilient to survive. In this paper, we assumed that disruptions may occur in a transportation system. 
We considered a 3-echelon SC with 13 different scenarios; each one reflects a policy against disruption. 
The factors of resilience assumed in this paper are visibility, velocity, redundancy and flexibility. The 
different combinations of these factors form various scenarios. We can conclude that applying the factors 
of resilience leads to better outputs and among these factors visibility and redundancy are more 
important to be considered. In the future research, evaluation of the other resilience factors in such SCs 
can be the subject of future studies. 
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