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Abstract. The importance of risk management has been pointed out in supply
chain management which stably supplies products with considering economic
efficiency. Supply chain network plan usually consists of two-stage decision pro-
cess in business environment. Two-stage stochastic programming is appropriate
for decision making under uncertainly in business environment where two steps
of decision processes are involved. Therefore, we propose a planning method of
resilient supply chain networks using two-stage stochastic programming. To im-
prove computational efficiency while taking uncertain future events into account,
we also propose a risk optimization method to design a resilient supply chain
with reducing the number of scenarios by scenario sampling. In this paper, we
attempt to plan a supply chain network consisting of suppliers, manufacturers,
and wholesalers by selecting material suppliers and determining appropriate in-
ventory levels in consideration of risk. Its optimality and resilience are evaluated
by computer experiments. Furthermore, we evaluate the effectiveness of the pro-
posed method in terms of computational efficiency as well as the optimality of
the solution with scenario sampling by computer experiments.

Keywords: Supply Chain Network, Stochastic programming, Resilience, In-

ventory control, Scenario reduction

1 Introduction

Recently, the influence of supply chain risks has increased in many manufacturing in-
dustries [1]. There are two types of supply chain risks: operational risks and disruption
risks. The former is a risk that can occur in normal production activities such as fluctu-



ations in demand and production timing. The latter refers to the risks caused by unex-
pected events with irregular timing and scale such as earthquakes, tsunamis, and pan-
demics. The latter is called supply chain disruption because the supply chain network
is temporarily disrupted by various influences. Even large companies may be elimi-
nated by unexpected risks and risk management that takes into account the entire supply
chain management is necessary for survival [2]. For example, the 2011 Japan earth-
quake and tsunami reduced Toyota’s production by 40,000 vehicles, costing $72 mil-
lion in lost profits per day [3]. The COVID-19 pandemic has disrupted all parts of sup-
ply chains due to unprecedented world responses to control the virus, ranging from
border closure, statewide lockdown, and workforce limitation [2]. In risk management
against supply chain disruption, our group has started research on constructing a supply
chain network that can deal appropriately with supply chain disruptions. Aiming for a
resilient supply chain that can withstand disruptions of varying length, impact, and
probability is essential to ensure the functioning and success of the supply chain [4]. A
resilient supply chain should be able to prepare, respond and recover from disturbances
and afterwards maintain a positive steady state operation in an acceptable cost and time
[5]. Emphasizing supply chain efficiency exacerbates disruption propagation, while
emphasizing supply chain stability undermines efficiency. It is important to design, op-
erate, and manage supply chains based on the tradeoff between economic optimality
and stability, while taking future events into account [4]. Supply chain network plan-
ning usually consider two stage of decision process in a business environment [6]. The
first stage considers the design of the supply chain, such as to determine facility loca-
tions and their capacity, and the second stage considers supply chain operations, such
as production quantity and delivery routing. Decisions in each stage may affect the
other stages and cannot be determined independently. In other words, the design and
operational decisions of the supply chain must be considered to consider the optimality
of operations in a disruption risk environment simultaneously. Reference [6] proposes
two-stage stochastic program to determine facility placement for supply chain network
design under facility disruptions. However, the model assumes that risk mitigation is
only by opening and closing facilities, and do not take into account inventory, which is
important as a lubricant in the supply chain. Reference [7] optimizes supply chain de-
sign considering disruptions by holding inventories, replicating bases, and reinforcing
bases. However, the operation of the supply chain is verified by simulation, and the
optimality of decision making after disruptions is not guaranteed.

In this paper, a method for planning resilient supply chain networks with material
supplier selection and inventory level determination is proposed for a supply chain con-
sisting of suppliers, manufacturers and wholesalers. In order to determine appropriate
supplier selection and inventory levels considering future disruption risks, a two-stage
stochastic programming [6] is applied. Furthermore, in order to obtain a solution with
appropriate computational time and accuracy even if the problem scale is increased, we
also propose a computational method that introduces Latin hypercube sampling [8],
which extracts scenarios uniformly from the entire scenario space, to the proposed
method. In computational experiments, the proposed method is compared with the con-
ventional exact solution method in terms of solution accuracy and computation time for
selecting material suppliers and appropriate inventory levels.



2 Target Model and Risks

This chapter provides an overview of the targeted supply chain and disruption risks.

2.1  Target Supply Chain

This paper focuses on a supply chain network consisting of multiple suppliers, one
manufacturer including multiple factories and distribution centers, and wholesalers, re-
spectively from the perspective of a manufacturing company. Figure 1 shows an over-
view of target supply chain network. The target is determined through discussions with
the collaborating company.

Manufacturer « = = = = = =
Distribution Wholoesler 1 ‘
Center 1
Distribution
Center 2 Wholesaler 2 ‘
1 1 '
! 1
Distribution
Center W Wholesaler € ‘

Fig. 1 Targeted Supply Chain Network

The target supply chain network has the following characteristics.

o Stock replenishment at each location follows fixed order period system.

e When wholesalers place orders to the distribution center, the quantity that does not
meet demand is considered out-of-stock.

e The manufacturer selects material suppliers and determines appropriate inventory
levels, taking into account of economic feasibility in response to disruptions.

2.2  Disruption Risks

In this paper, we consider a multi-period scenario of future events, assuming disruptions
that occur at suppliers, factories, and distribution centers. The disruptions and scenarios
are established based on reference [7]. The disruptions and scenarios are as follows:

The facility where the disruption occurs will be deactivated.

The disruption scale is expressed by the length of the stoppage period.

The probability of occurrence of disruption is smaller for longer stoppage periods.
Disruptions of any scale will be completed within the planning period.

There are two scenarios: a normal scenario in which the disruption does not occur,
and a scenario in which the disruption occurs only once during the planning period,
with the length of the stoppage period varying according to the probability of occur-
rence set by the disruption.



A proposal of material supplier selection and appropriate
inventory level determination method with risk resilience

This chapter describes a method for selecting material suppliers and determining ap-
propriate inventory levels using two-stage stochastic programming for planning a resil-
ient supply chain network.

3.1 Notation

The definition of the characters used in the formulation is as follows:
Sets

S : set of suppliers (s = 1,2, ..., 5)

M : set of factories (m = 1,2, ..., M)

W : set of distribution centers (w = 1,2, ..., W)
C : set of Wholesalers (¢ = 1,2, ..., C)

K : set of scenarios (k = 1,2, ..., K)

T : set of planning periods (¢t = 1,2, ..., T)

Parameters

Caps, : capacity at supplier s
Capm,, : material inventory capacity at factory m
Capp,, : products inventory capacity at factory m
Capw,, : inventory capacity at distribution center w
PM,, : production capacity at factory m
Dyt : demand for products at wholesaler ¢ in scenario k, period t
CS, : contract costs between supplier s and factory m
CBq,, : purchasing cost per unit of material from supplier s by factory m
CTS;,, : transportation cost per unit from supplier s by factory m
CTM,,,, : transportation cost per unit from factory m by distribution center w
CTW,,. : transportation cost per unit from distribution center w by wholesaler ¢
CB,, : production cost per unit of product at factory m
CL, : stockout loss cost at wholesaler ¢
HM,, : storage cost per unit of material at factory m
HP,, : storage cost per unit of product at factory m
HW,, : storage cost per unit of product at distribution center w
LSMj,, : transportation period from supplier s by factory m
LMW,,,,, : transportation period from factory m by distribution center w
Dy : probability of scenario k
(1 :if supplier s operates in scenario k, period t
Tkt {0 : if a disruption occurs at supplier s in scenario k, period t
1 : if factory m operates in scenario k, period ¢t
0 : if a disruption occurs at facory m in scenario k, period t

Breem {



1 : if distribution center w operates in scenario k, period t

® Veeew - {O : if a disruption occurs at distribution center w in scenario k, period t

Decision Variables

(1 : if supplier s is contracted by factory m

o ¢ {1 ¢ iF PP
0 : otherwise

Im,, : inventory level of materials at factory m

lp,, : inventory level of products at factory m

lw,, : inventory level of products at distribution center w

DPPrem - production quantity of factory m in scenario k at period t

byism © quantity of materials purchased from supplier s by factory m in scenario k

at period t

® qQWyimw : quantity of products ordered from distribution center w to factory m in
scenario k at period t

® (Crtwe : quantity of products ordered from wholesaler c to distribution center w in

scenario k at period t

Dependent Variables

® amy,,, : quantity of materials arrived of factory m in scenario k at period t

AWy  quantity of products arrived at distribution center w in scenario k at period
t

acy;. : quantity of products arrived at wholesaler ¢ in scenario k at period t

iMy,., : inventory quantity of materials of factory m in scenario k at period t

iPrem © inventory quantity of products of factory m in scenario k at period ¢

iWysy - inventory quantity of products of distribution center w in scenario k at pe-
riod t

e ld,,. : stockout quantity of wholesaler c in scenario k at period t

3.2  Method of selection of material suppliers and determination of
appropriate inventory levels with risk resilience

This section outlines the proposed method for planning resilient supply chain networks
with material supplier selection and inventory level determination for a supply chain
consisting of suppliers, manufacturers and wholesalers. In order to determine appropri-
ate supplier selection and inventory levels considering future disruption risks, two-stage
stochastic programming is applied [6]. Furthermore, in order to obtain a solution with
appropriate computational time and accuracy even if the problem scale is increased, we
also propose a computational method that introduces Latin hypercube sampling [8],
which extracts scenarios uniformly from the entire scenario space, to the proposed
method.

This study proposes a method for selecting material suppliers and determining ap-
propriate inventory levels with the aim of planning a resilient supply chain network. As
discussed in Chapter 1, optimizing operations in a disruption risk environment requires
simultaneous consideration of supply chain design and operational decision making.



Compared to other methods such as deterministic model or Mixed Integer Program
(MIP), two-stage stochastic programming is more appropriate for decision making un-
der uncertainty in business environment where two steps of decision processes are in-
volved. Two-stage stochastic programming allows decisions in each stage to occur sim-
ultaneously and fits to business decision process. Two-stage stochastic programming
also allows to consider the disruption risks environments by using scenarios. Therefore,
the proposed method uses a two-stage stochastic programming method.

Figure 2 shows a conceptual diagram of the proposed method. The disruption risks
described in section 2.2 are assumed in Figure 2. A disruption scenario is assumed in
the form of a branch from the no disruption scenario to another scenario in the period
when the disruption occurs. Under these possible future scenarios, two stage of decision
process will be considered to plan a supply chain network that minimizes the total ex-
pected future costs. First, the first stage of the decision process involves selecting ma-
terial suppliers and determining appropriate inventory levels, taking into account of all
possible scenarios as shown in Figure 2. Therefore, the existence of a contract between
supplier s and factory m (xg,,) and the inventory levels at each facility (Im,,, Ip,, and
lw,,) are established as first-stage decision variables, which are common variables for
all scenarios. Next, the second stage of the decision process, the production, purchase,
and order quantities are determined for each scenario. We define the production quan-
tity of factory m in scenario k at period t (ppysr,) and the quantity of materials pur-
chased from supplier s (by;sm ), the quantity of products ordered from distribution cen-
ter w to factory m (qWymw ), and the quantity of products ordered from wholesaler ¢
to distribution center w (qcjs,c) as second-stage decision variables, variables that are
determined for each scenario in the two-stage stochastic programming method. Deci-
sion variables at each of these stages are considered simultaneously to plan a resilient
supply chain network, aiming to minimize costs in all possible future scenarios.

The evaluation of resilience focuses on the total cost and one of them, the stockout
loss cost. The proposed method is compared with a deterministic method that does not
consider risk. The total cost under normal conditions and the total cost and stockout
loss cost when the disruption risk occurs are evaluated. This will allow us to evaluate
the feasibility of designing a resilient supply chain that can provide a stable supply of
products while taking economic feasibility into consideration.

First-stage Decision Second-stage Decision
’ Determine production (pp,),
Selection of purchase(by,s,) and order
material suppliers quantities(gwyyy, , g¢ipy) for each
(xsn) and scenario and period
determinationlof »—P—> > No disruption scenario
~ ‘_‘\' _________________ . . .
inventory levels RV > Disruption scenario |
(Umy,, Ipy, Iw,,) b b tod ¢ [> Disruption scenario 2
o0 L7 ST R L > Disruption scenario 3
A e e > Disruption scenario 4
| l | | i » :
l I I f >
0 1 2 3 Time ¢

Fig. 2 Conceptual diagram of the proposed method



The proposed method uses all possible scenarios to select material suppliers and deter-
mine appropriate inventory levels. This allows the optimal selection of material suppli-
ers and determination of appropriate inventory levels for all scenarios, while optimizing
the second-stage decision, including production quantity, for each scenario assumed.
However, with this method, the number of scenarios that has to be assumed becomes
enormous as the types of risks and the number of facilities increase, so it is not realistic
to derive an exact solution in practical time. In order to solve this problem, we propose
a method to reduce the computation time by narrowing down the number of scenarios
while maintaining the solution accuracy.

This paper proposes a computational method that uses Latin hypercube sampling,
which allows samples to be extracted evenly from the entire sampling space, and allows
the selection of multiple appropriate scenarios to improve the efficiency of the compu-
tation. Latin hypercube sampling is a technique that samples evenly from the entire
sampling space and avoids forming clusters [8]. The Latin hypercube sampling requires
one extract from each row and column. So, the samples are spread over the entire sam-
pling space, which consists of multiple elements as shown in Figure 3.

1.0

L
0.8

0.6

Element 2
o

0.4

0.2

o
0 0.2 0.4 0.6 0.8 1.0
Element 1

Fig. 3 Example of Latin hypercube sampling

By repeatedly sampling scenarios using Latin hypercube sampling and solving prob-
lems, all scenarios are considered. This creates a supply chain network that is resilient
to all possible scenarios.

3.3  Algorithm of proposed method

The algorithm for the proposed method is described below.

STEP1. Select the scenarios with variations in the occurrence times and facilities using
Latin hypercube sampling for each disruption scale. The existence of this process is a
major difference between the proposed method and the exact solution method. This
sampling reduces the number of scenarios and improves computational efficiency.
First, for each disruption scale, a space is generated where the vertical axis is the period



of occurrence of the disruption and the horizontal axis is the facility where the disrup-
tion occurs, and then the space is divided by the number of facilities. Next, one scenario
from each facility (column) and each time range (row) is selected. In this way, it is
possible to sample scenarios with variations in the period of occurrence and facilities
for each disruption scale.

STEP2. Solve the problems of selecting material suppliers and determining appropriate
inventory levels using the scenarios selected in STEP1.

STEP3. Evaluate the solution obtained at STEP2. To evaluate the solution, we fix the
first stage decisions of the original problem and then solve the obtained problem for
other scenarios [7]. The objective function value obtained is evaluated whether the so-
lution obtained from STEP2 is optimal in the original problem.

STEPA4. If the evaluation value of the solution obtained in STEP3 is better than that of
the tentative solution, the solution is accepted and then go to STEPS. If not, go to
STEPG.

STEPS. Update the tentative solution with the solution received in STEP4.

STEP6. Repeat STEP1 through STEPS until the number of iterations N for the entire
flow is reached.

3.4 Formulation

In this section, the formulation for making the resilient supply chain network by con-
sidering this two-stage decision process is explained as follows:

min. COST = CA + CR (1)

CA = Z Z CSsm * Xsm @

SES meM

CR = ZPRZ{Z CPm'ppktm+z Z CBgn * brtsm

keEK teT \meM SES meM

where

£ My g + HBy - )

meM
+ Z HWW ) iwktw + Z Z CTSsm : bktsm (3)
wEW SES meM

+ Z Z CTMpy * QWiemw
meM weW

+ Z Z CTWiye " qCrtwe + Z CL.- ldktc}

WEW ceC cec

AMypy = Z bk(t—LSMsm)sm ,vm,Vk,Vt (4)
SES

AWy = Z AW (£~ LMWy mw » YW, VK, VT (5)
meM



ACyic = Z qCriwe,YC, Vk, YVt
wWEW

DktC = QACktc + ldktC,VC, Vk, vVt
sub.to 0 < pPpem < min{imye—1ym, (Pm — Pre-1ym) * Brem}» VM, Yk, Vt
IMyem = IMye—1)ym + QMg — PPem = 0, VM, Vk, Vi

iDktm = iPr(t-1)m T PPrtm — Z qWitmw = 0,Ym, Vi, vt

wew
Wiy = iWk(t—l)W + AWty — Z qCriwe = 0,YW,Vk,Vt
cec
0 < qCytwe < min {(Dktc - Z qutw’c),(iWk(t_l)w
w'ew’
B Z qutwc’) 'thw},VW, Ve, vk, vt
c'ec’

t—1

0< AWktmw < min le — Wg(t-D)w — Z Z AWkrmw
MEM T=t—LMWypy,+1

- Z AWktm'w r<ipk(t—1)m

m'eM’

B Z qutmw"ﬁktm) ,VYm,Yw, vk, vt
W”EW”
t-1

0< bktsm < min lmm — My (t—1)m — Z Z bkrsm
SES T=t—LSMgpm+1

_Zbkts’m .| Capss — Z bktsm’ * Oits
m”EM”

s'es’

*Xgm ¢ VS, Ym, Vk,Vt

Xsm € {0,1}, Vs, Vm, Vk, vt
0 <lm,, < Capm,,,Ym
0 < lp,, < Cappm, Vm

0 < lw, < Capw,, YW

(6)

Q)

®)

C)

(10)

1D

(12)

(13)

(14)

(15)

(16)

a7

(18)
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PPit'm = PPi'¢'m» Y, VK (20)
bit'sm = bi'¢'sms VS, VM, Vk (21)
QWrt'mw = QWr't'mw» Y, YW, VK (22)
ACht'we = ACk't'wer YW, V€, VK (23)

The objective function (1) minimizes the sum of the cost of the first stage (CA) and the
expected cost of the second stage (CR).

Equations (2) - (7) are relational expressions. First, the first stage cost shown in
equation (2) is the contractual costs with suppliers at each factory. The second stage
cost shown in equation (3) is the sum of the expected values of production costs (term
1), purchase costs (term 2), inventory storage costs (terms 3 and 4), transportation costs
(terms 5, 6 and 7), and stockout loss costs (term 8). Equations (4) - (6) show the quantity
of materials and products arrived at each facility in scenario k at period t. Equation (7)
is a conservation of demand equation that states that the sum of the quantity arrived and
the stockout quantity of wholesaler c in scenario k, period t equals the quantity de-
manded.

Next, equations (8) - (23) are constraints. Equation (8) is a constraint on the produc-
tion capacity of factory m in scenario k, period t. The upper bound is the amount of
material inventory or inventory level minus the starting inventory of the product. If a
disruption occurs at factory m, production will not be possible. Equations (9) - (11) are
constraints on the amount of inventory at the end of the period at each facility in sce-
nario k and period t. Inventory replenishment follows fixed order period system to pur-
chase materials and produce and ship products each period. The initial inventory quan-
tity at each facility is set to the inventory level set for each facility. Equations (12) -
(14) are constraints on the order quantity and purchase quantity, and downstream facil-
ities order or purchase in order from the upstream facilities with the lowest transporta-
tion cost. The upper bound in equations (12) is the upstream supply availability or de-
mand minus the remaining to be ordered. The upper bound in equations (13) and (14)
is the upstream supply availability or inventory level minus the starting inventory and
the remaining to be ordered. In other words, after one downstream facility places an
order with a group of facilities (W', M', S") whose transportation costs are lower than
those from one upstream facility, it places an additional order with that upstream facility
if the required quantity is not met. On the other hand, after one upstream location re-
sponds to orders from a group of facilities (C', W', M'") whose transportation costs are
lower than those from one downstream facility, it responds to an order from that down-
stream facility with the remaining inventory. If a disruption occurs at one upstream
facility, downstream facilities cannot place orders with that facility. Equation (15) in-
dicates that x,, is a binary variable. Equations (16) - (18) show the range of possible
inventory levels for each location. Equations (19) - (23) are constraints for nonantici-
pativity [9]. It is shown that the second-stage decision variable in period t' (1,2, ..., t)
is the same as in the no disruption scenario (k") when a certain disruption in scenario k
arises from period t + 1.
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4 Computational Experiments

We evaluate the optimality and resilience of the supply chain network planned by com-
puter experiments against the risk-aware methods for selecting material suppliers and
determining appropriate inventory levels described in Chapter 3. Furthermore, we com-
pare the solution accuracy and computation time of the proposed scenario sampling-
based method with those of the conventional exact solution. In order to compare with
the exact solution method, this paper focuses on problems of a scale that can obtain a
solution with appropriate computational time. IBM ILOG CPLEX 12.10 [10] is used to
solve each problem.

4.1 Experimental Conditions

The experimental conditions are set as follows, after discussions with the collaborating
company:

Number of suppliers (S): 5

Number of factories (M): 2

Number of distribution centers (W): 10

Number of wholesalers (C): 10

Number of planning periods (T): 15

Contract costs between supplier s and factory m (CSg,,): 100
Stockout loss cost at wholesaler ¢ (CL.): 100

The conditions for the proposed method with scenario sampling are as follows:

e Number of sampling problems generated (N): 30
e Number of trials of the proposed method: 5

In this experiment, it is assumed that the disruption occurs at the supplier or the
factory, and the stoppage periods of the location where the disruption occurs are 1, 3,
5, and 7 periods. Table 1 shows the probability of disruption occurrence at each facility
assumed in the proposed method. To ensure that the weights of economic efficiency
and stability are equal, the experiment assumes that the probability of occurrence of the
no disruption scenario is 0.50 and the sum of the probabilities of occurrence of the
scenarios in which some disruption occurs is 0.50. In this experiment, demand is as-
sumed to be given.

Table 1 Probability of occurrence of each disruption
Stoppage period No 1 3 5 7
Probability 0.50 0.25 0.15 0.075 0.025

We evaluate the resilience of the supply chain network and the risk-aware strategic
decisions made using the proposed method by conducting computer experiments. In
addition, we compare the solution accuracy and computation time of the proposed sce-
nario sampling-based method with those of the conventional exact solution.
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4.2  Experimental Result

Table 2 shows the objective function values (COST) and computational time when the
proposed method aims at cost minimization with consideration of disruption risk, and
when it aims at cost minimization only. Note that the objective function values for the
proposed computational method in Table 2 are the recalculated expected values for all
scenarios, not just the sampled scenarios. The results of the proposed computational
method show the average (Avg.) and the standard deviation (S.D.). Figure 5 compares
the selection of material suppliers for each factory in both cases. Figure 6 compares the
inventory levels at each facility. In Figure 6 the inventory level at factories was higher
than at distribution centers because demand from 10 distribution centers is met at two
factories. The reason for the difference in inventory levels of materials and products at
the factories is that the supply capacity of suppliers is set lower than the production
capacity of factories. The reason for the difference in inventory levels among distribu-
tion centers is that the network structure is such that factory 1 has a longer transporta-
tion distance from distribution center 1 to 10, and factory 2, conversely, has a longer
transportation distance from distribution center 10 to 1. As a result, the decision was
made to increase inventory levels at distribution centers 4, 5, 6, and 7, which are located
far from any of the factories, in consideration of transportation time and cost.

As shown in Table 2, the obtained expected the objective function value by the exact
solution method increases by 4.8% when disruption risk is taken into account. The com-
putation time for only cost minimization is very short because the solution is obtained
only in the no disruption scenario. This increase in the expected value is due to the
increase in contract costs due to contracts with multiple material suppliers and the as-
sociated increase in transportation costs due to longer transportation distances. Other
reasons for the increase are higher inventory costs from raising the steady-state inven-
tory levels, as well as the expected stockout loss costs.

Table 2 Results of objective function value and computation time

Cost Cost minimization with risk
minimization Exact Computational method
without risk method Avg. S.D.
Objective function 32580 34142 3415820 8.58
value
tati 1ti
Compu (:elcor)la fme 0.96 90564.32 33981.80 | 3875.50

As shown in Figure 5, each factory contracted multiple material suppliers. The selection
of suppliers was the same as the exact solution for each trial of the proposed computa-
tional method.
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Supplier 1 actory l\\ | Supplier 1 actory 1

Supplier 2

Supplier 4
Supplier 5 actory 2 | Supplier 5 actory 2

Cost minimization Cost minimization with risk
Fig. 5 Results of selection of material suppliers

As shown in Figure 6, each factory has increased its inventory level of products. When
a factory stops production, all downstream facilities are affected, so they increased their
inventories of products. Inventory levels varied in each trial of proposed computational
method, but were close to this exact solution.
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Fig. 6 Results of inventory levels

As for the proposed computational method, Table 2 shows that the average objective
function value of the original problem when using the solution of the proposed method
reached 99.9% of the exact solution. Therefore, the proposed computational method
can extract appropriate scenarios from the sampling space and plan a resilient supply
chain network. The reason why the objective function values of the proposed compu-
tational method were different for each trial is that the inventory levels differ slightly
from one trial to another as described. The computational time of the proposed compu-
tational method was reduced by 62.5% from the exact solution method. In other words,
the proposed computational method with Latin hypercube sampling contributes to a
significant reduction in calculation time through scenario sampling. From the above, it
can be said that the proposed method reduces computation time and improves compu-
tational efficiency while maintaining the optimality of the solution by appropriately
reducing scenarios.

Next, we evaluate the supply chain network resiliency with contracting multiple ma-
terial suppliers and increasing inventory levels, taking into account of disruption risks.
The proposed method is compared with the deterministic method, which only aims at
cost minimization. Since the results of the proposed calculation method and the exact



14

solution are very close, the exact solution was used for the resilience evaluation. We
investigate the extent to which the proposed method reduces total expected cost and
stockout loss cost compared to the deterministic method.

A comparison of the average of total cost and stockout loss cost for each disruption
magnitude is shown in Figure 7 for the target model set at the obtained selection of
material suppliers and inventory levels. The expected total cost for cost minimization
with disruption risk under normal circumstances was higher by 1.0% than for cost min-
imization only. On the other hand, in the situation where disruption risk occurred, the
total costs of cost minimization considering the disruption risk were 1.1% for 1-period,
4.5% for 3-period, 8.1% for 5-period and 11.6% for 7-period suspensions lower than
the those of cost minimization only, respectively. In addition, by considering the dis-
ruption risks, it has been confirmed that the cost of stockout loss was greatly suppressed
compared to the case where it is not considered. These results indicate that the proposed
method can construct a resilient supply chain network to respond to and recover from
disruption risk and maintain a positive steady state operation in an acceptable cost and
time.

48000 18000
C—10ut of stock loss cost (Cost minimization)
46000 16000
[C0ut of stock loss cost (Cost minimization with risk)
44000 14000
~@-Total cost (Cost minimization)
42000 12000
Total cost (Cost minimization with risk) I
o
-
2 40000 10000 :
o <9
S 38000 8000 &
e g
36000 — 6000
34000 4000
32000 / 2000
30000 0
Usual 1 period 3 periods 5 periods 7 periods

Stoppage period

Fig. 7 Simulation results for each risk (evaluation of resilience)

5 Conclusion

This paper proposed a method for selecting material suppliers and determining appro-
priate inventory levels using two-stage stochastic programming, with the aim of plan-
ning a resilient supply chain network. Computational experiments suggested that the
proposed method is capable of planning a supply chain network that is resilient to dis-
ruption risk. The total cost under normal conditions and the total cost and stockout loss
cost when the disruption risk occurs were evaluated. This demonstrated the feasibility
of designing a resilient supply chain that can provide a stable supply of products while
taking into account economics. In order to reduce the number of scenarios and shorten
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the computation time with maintaining resilience to disruption risks, a computation
method using scenario sampling was also proposed. Comparing the objective function
values and the computation time with the exact solution method, it has been confirmed
that the proposed method can reduce the computation time by 62.5% with maintaining
solution accuracy of more than 99%. Thus, the validity of the applied Latin hypercube
sampling method was also confirmed. This paper focused on a supply chain in which a
single object is processed from raw material to finished product and then passed on to
the customer. In future studies, in order to bring the problem closer to reality and apply
it to real manufacturers, it is necessary to incorporate into the formulation the assembly
of multiple parts into a single product, for example.

In the future, we plan to use the proposed computational method to further resiliency
of the entire network by focusing on the downstream of the supply chain network, in-
cluding the decision-making process regarding the placement and establishment of dis-
tribution centers and the multiple products to be distributed.
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