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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.® 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'.#¢Due 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.” 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 %, = 1

constraint to the CCR model and achieving the results ' for a Banker, Charnes and Cooper
(BCC) model.? The fuzzy BCC model for ranking the layout alternatives is as follows:

min 6

s.t.

J=1

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~ jand y~ j are,
respectively, the input and output variables of FDEA which are triangular shaped fuzzy numbers, and x~ i
and y ~ p are the optimistic value for input variables x~ ;; and pessimistic value for output variables y ~j;
respectively. Substituting fuzzy values x~j and y~j with x~j = (xP,x™,x°) and y = (yP, y™, y°), respectively,
and using a-cuts method, Model (1) can be stated as follows:

min 8

s.t.
b

O+ (1 —aw)> tax"+(—aw) Vi=1,...,5Q2)
ip ip i f
=1

" +(—aph = (™ + (1 —a)h?) Vr=1,...,4,

1 w o L

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 avalue.
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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.

il s il

MM AG Cl

Figure 1. The SC network.

Table 1. The requisite trucks and corresponding times for transportation between stages.

To

52-1 52-2 53 Plant
From 10 20 30 10 20 30 10 20 30 10 20 30

51-1 Mo, of trucks assigned 3
No. of alternative trucks 1
Time of transportation 08"
51-2 Mo. of trucks assigned
No. of alternative trucks 1

b

Time of transportation 08"
53-1 No. of trucks assigned 1
No. of alternative trucks 1
Time of transportation 08
522 Mo. of trucks assigned 1
No. of alternative trucks 1
Time of transportation 08"
53 No. of trucks assigned 1
No. of alternative trucks 1
Time of transportation 18"

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.

Table 2. The scenarios details.

Visibility Flexibility Redundancy WVelocity

Scenario | Basic
Scenario 2
Scenario 3
Scenario 4
Scenario 5

Scenario 6 W )
Scenario 7 v v
Scenario § W b
Scenario 9 v '
Scenario 10 ! . : :
Secenano 11 ) ' k
Secenario 12 ’ ) !

\ . . v

Seenano 13

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.

Table 3. The transportation delay between stages in pessimistic (P.), most likely (M. L.) and optimistic ((.)
situations.

To
52-1 522 53 Plant
From P. M. L. 0. P. M.L. 0. P. M. L. 0. P. M. L 0.
51-1 1 0.8 05
51-2 1 0.8 0.5
52-1 1 0.3 0.5
522 1 0.8 5
53 2 1.8 L6
Table 4. Results of simulation in pessimistic (P.), most likely (M. L.) and optimistic (0.) situations.
The average The average The average number
time 1n system utility of resources of breakdowns Total cost of system

P. M.L 0. P. ML . FP ML O P. M. L. 0.

Scenano 1 21156 17.191 12991 2.642 2,188 1.495 0 0 0 632,119 571832 509.001

Scenano 2 26.105 26.105 20534 2295 2295  L6l6 3191 3191 2898 915343 915343 §10.22

Scenano 3 24413 20076 15476 2647 222 1.527 3538 2988 2655 1002539 B9L548 T90.509
Scenano 4 30928 26.105 20534 265 2295 Lele 3752 3191 2898 1000105 915343 §10.22

Scenano 5 6593  3.792 2848 2986 24602 1847 1632 1344 1317 488278 420507 414.629
Scenanio 6 24.099 19876 15305 2.638 2195 1.503 3491 2973 2781 989338 BEV.199 T9R.743
Scenano 7 4901 3.733 2.839 296 2477 1738 L1532 139 1389 491444 465374 466.540
Scenano 8 5538 3.748 2.815 3.013 2576 L.821 1457 1342 1317 449212 42029  414.415
Scenario 9  19.101 12.682 2.858 397 3402 2297 3129 26l 1.317 872923 750594 414.612
Scenarnio 10 4.55 3.679 2799 2943 2452 1.707 1547 1.389 1444  48R915 465.158 465.351
Scenanio 11 4902 4.654 2837 3593 3091 2187 L5332 LTR4 1389 491443 57406  460.557
Scenario 12 13.793 12667 2826 3875 338 2271 2735 2625 1317 TTLT759 74946 414.408
Scenario 13 4541 3654 28 3522 2905 2155 1546 1.389 1.442 488894 465301 465.232

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 a-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, agoes to one; so depending on the limit of certainty, the most
appropriate a is selected. This study covers a wide range, so the different values of a-cuts between 0 and
1 are considered.

As seen in Table 5, for a-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 a-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 a-
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 a-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.

Table 5. The results of FDEA approach: technical efficiency (T. E.) and ranking (R.) of scenarios for each a-cut.

0.01 0.05 0.1 02 0.3 04 05
a-Cut TE R TE R TE R TE R TE R TE R TE R
Scenario]  0.68554 5 0.69989 6 071763 7 075243 7 07867 & 082012 8 0.85256 8
Scenario2 09075 2 090482 2 090151 2 089507 3 0.88885 5 088282 5 0.877 7
Scenario3  0.83333 4 083849 4 084485 5 085723 5 0.8692 6 088078 6 0.89198 5
Scenariod 090926 1 091353 1 091879 1 092904 1 093895 2 094853 2 0.9578 2
ScenarioS 054535 10 067936 9 07814 6 085377 6 088911 4 091395 3 093428 3
Scenario6 087221 3 087495 3 087832 3 08849 4 089126 3 089741 4 090336 4
Scenario7  0.52434 13 052755 13 0.53782 13 060579 13 071071 13 077842 13 0.82592 13
Scenario® 053788 11 073946 5 08515 4 092242 2 094982 1 096494 1 097487 1
Scenario® 067898 6 069399 7 071247 8 074855 & 078348 9 081732 9 085011 10
Scenario 10 0.53625 12 0.54029 12 0.54404 12 0.62949 12 073644 11 08043 10 085094 9
Scenario 11 0.64591 & 065803 10 067295 10 070207 11 073111 12 078074 12 0.83051 12
Scenario 12 067114 7 0685 8§ 070296 9 073723 10 077041 10 080255 11 0.8337 11
Scenario 13 0.63641 9 0.64813 11 066257 11 074114 9 080029 7 084358 7 087873 6

06 07 08 0.9 0.95 0.99 1
Scenariol 088401 § 091447 6 094394 5 097244 5 098634 5 099729 5 1 1
Scenario2 087702 10 0.88609 13 090778 13 093099 12 094459 11 095548 10 0.9582 9
Scenario3 090282 6 091333 7 092758 9 094251 10 094979 9 095552 9 095694 10
Scenariod 096678 2 097547 2 09839 3 099207 3 099607 3 099922 4 | 5
ScenarioS 095219 3 096862 3 09%404 2 099672 1 099841 1 099968 1 1 6
Scenario6 090912 4 09147 5 09238 11 093549 11 094115 12 094559 12 0.9467 12
Scenario7 086121 13 088855 12 091043 12 092785 13 09356 13 094257 13 094433 13
Scenario8 098213 1 098781 1 099249 1 099646 2 099823 2 099965 2 1 7
Scenario9 088191 9 091275 8§ 094269 6 097176 6 098598 6 099721 6 |1 8
Scenario 10 0.88477 7 091029 9 093011 8 09443 9 094887 10 095375 11 09551 11
Scenario 11 087131 11 090729 10 094021 7 097095 7 098566 7 099716 7 1 2
Scenario 12 08639 12 08932 11 09248 10 096281 & 09815 8§ 099631 8 1 3
Scenario 13 090804 5 093391 4 095813 4 098171 4 099343 4 099964 3 1 4

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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