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ABSTRACT

This paper develops a simulation-based quantitative method to investigate the joint impact of multiple risks
on the supply chain system during the pandemic. A hybrid simulation method that combines the susceptible-
infected-recovered (SIR) model and the agent-based simulation method is proposed to simulate the risk
propagation along the supply chain and the interactions between distribution centers and retailers. By
analyzing the results of scenarios with different interventions under COVID-19, results show that the impact
of interventions is diminishing along the supply chain. For intervention deployment, adding testing capacity
is of great importance. For stakeholder management strategies, diversifying the upstream partners is helpful.
Against the backdrop of a multi-wave global pandemic, this paper takes the COVID-19 pandemic as an
example to provide a paradigm for modeling the risk propagation in supply chain systems. Also, the study
demonstrates how to estimate possible time-varying risk scenarios in face of the data shortage challenge.

1 INTRODUCTION

It’s been three years since COVID-19 was declared a global pandemic. Almost all countries in the world
struggled, and some still are struggling, with this novel coronavirus and the recovery from it. The number
of total confirmed cases has exceeded 685 million as of April 2023. The consequences of the pandemic
have been far beyond the spread of the virus itself: remote working, extensive business closures,
international lockdown, and so on. According to the International Monetary Fund (2022) report, the global
economy growth is expected to drop from 6.0 percent in 2021 to 2.7 percent in 2023. COVID-19 has been
a stark reminder of the importance of preparedness, cooperation, and resilience in the face of public health
crises. The supply chain system, which involves diverse global parties and intricate relationships, is
particularly vulnerable. As we look back at the outbreak timeline and how COVID-19 has affected business
and society, it is obvious that at the very beginning of the pandemic when many things were unknown and
rapidly changing, supply chain systems were under unprecedented chaos. According to a survey that
included over 600 companies in the supply chain industry, in the early stage of the outbreak, nearly 60% of
respondents reported worsened lead time but the proportion who have a plan to address the disruption is
less than 55% (Institute for Supply Management 2020). It’s hard to fight back quickly when struck by an
unknown pandemic so abruptly and so severe. The knock-on effects of COVID-19 on supply chain are
enormous, including product shortage, panic buying, and more. Thus, it’s of great importance to study how
supply chain systems are affected by the pandemic in the early stage of the outbreak, providing lessons and
insights for better preparedness in the future.
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The impact of COVID-19 on the supply chain has attracted a lot of studies and commentaries since its
outbreak. The vast majority of the studies are qualitative analyses and discussions from short news releases,
interviews of experts, and research papers. For example, McKinsey & Company (2020) provided a group
of insights about how stakeholders reset from coronavirus. Rizou et al. (2020) identified possible food
safety and environmental safety problems and gave some advice on the detection of the virus in the food
supply chain. Quantitative methods including game-theoretical modeling, simulation, and optimization are
used to analyze the pandemic topic in the supply chain system. Since Lather and Eldabi (2020) highlighted
the importance of using simulation in analyzing the pandemic, researchers have conducted a number of
studies. Gupta et al. (2021) studied the pricing decisions under disruptions and gave an optimal pricing
strategy considering the disruption timing and product substitution. lvanov (2020) conducted simulation
experiments under different disruption scenarios including disruption only in the supplier and producer,
and disruptions in both upstream and transportation sectors. Zheng et al. (2022) did similar simulation
experiments but for the medical mask supply chain. The different epidemic duration was used to indicate
the supply chain disruptions. Singh et al. (2021) simulated a food supply chain with a facility shutdown
scenario and used a backup facility scenario during the pandemic. They highlighted the importance of
improving supply chain resilience. Inoue et al. (2023) carried out an agent-based simulation model to
explore the economic effects of the lockdown policy. Rozhkov et al. (2022) studied preparedness and
recovery policy in supply chain systems with different structures by using an agent-based model. Several
excellent review works summarized COVID-19-related work in the supply chain discipline (Chowdhury et
al. 2021; Spieske and Birkel 2021; Kohl et al. 2022). They all stressed the value of investigating the impact
of COVID-19 on supply chain, not only to combat this pandemic and facilitate recovery, but also to gain
readiness for potential future global crises.

As stated above, previous studies mostly focused on the impact of disruptions that occurred at a certain
time point, such as simulating the impact of a factory or a producer closure event. These studies ignored
the characteristics of the risks brought by the pandemic: the impacts of the risks are time-varying and highly
related to the interventions under the pandemic.

Thus, this paper aims to investigate the joint impact of multiple time-varying risks on the supply chain
system during the early months of pandemic, when the situation changes rapidly and countermeasures are
not yet fully underway. A quantitative simulation-based methodology for the supply chain risk analysis is
developed. We dive into the segment from distribution centers to retailers in the supply chain for daily
necessities (such as food, drug, and cleaning products) where more people are directly involved. By
identifying possible risks in the supply chain and the risk characteristics, this paper estimates the time-
varying risk occurrence probabilities when deploying different interventions (quarantine orders, additional
testing, vaccine rollout, etc.), and further mimics the propagation of multiple risks from distributors to
retailers. After comparing the output performance metrics of different entities, this paper can identify
vulnerable entities and give management suggestions on enhancing the anti-risk capacity. Moreover, the
comparisons between scenarios with different interventions and disease assumptions are expected to
provide us with a clear view of the benefits brought by different policy deployment schemes in the crisis.
Although motivated by COVID-19, the method proposed in this paper is generic and applicable to studying
the impact of possible epidemic events characterized by temporal variation and widespread outbreaks.
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Figure 1: Framework of the proposed simulation-based method.
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The framework of our work is shown in Figure 1. Based on the framework, the remainder of this paper
is organized as follows. Section 2 presents the risk identification and estimation. Section 3 describes the
simulation model. Results and analysis are provided in Section 4. Section 5 concludes the work.

2 RISK IDENTIFICATION AND ESTIMATION

Risks are emerging in both the external environment and every inner link of the supply chain. Hobbs (2020)
discussed possible risks under this pandemic from two perspectives: the supply side and the demand side.
Based on his work, we further identified three representative risks under this pandemic. On the supply side,
we consider an integrated supply shortage (SS) threat, which is a consequence of multiple upstream
disruptions. The SS directly hits distributors. Then, defective distributors impact downstream retailers. On
the demand side, retailers are stricken by panic buying. Panic buying (PB) threat is the most significant
event on the demand side under the pandemic, and has been highlighted in many publications (Hobbs 2020;
Zheng et al. 2021). Additionally, worker shortage threats are considered on both the supply side and
demand-side, since it’s a common problem for all stakeholders in the supply chain.

2.1 Risk Identification

WS is identified as one of the biggest things that impact the whole supply chain. Stephens et al. (2020)
pointed out WS problem is especially serious in the food industry since lots of sectors are labor-intensive.
Interventions, quarantine restrictions, and sick workers will all lead to a loss of the workforce. Tyson Foods
plant in lowa reported that 60% of employees are infected. All the data tells the same story: both distribution
centers and retailers suffer a severe labor shortage problem during this pandemic (Fordham 2020).

SS is another spotlight in the global pandemic. It is a consequence caused by multiple risk events in the
upstream supply chain. Transportation disruption, supplier shutdown, export bans, and delivery delays will
all lead to SS. Take the Vietnam rice export ban as an example: As the third-largest exporter of rice, the
rice export ban raises panic over rice supplies as the virus threat spreads (Nguyen 2020).

The panic buying issue is the response from consumers to the market in the face of a crisis. Consumers
stockpile commodities to mitigate possible shortages. Zheng et al. (2021) highlighted the impact of social
learning on consumers’ behavior. Sales revenue data in Germany shows that the sales revenue of bread mix
in the 16™ calendar week of 2020 is 61.5% higher than that last year (Evgeniya 2020). Considering that, the
panic buying issues in retailers must be studied when conducting the risk analysis.

2.2 Risk Occurrence Probability Estimation

The occurrence probability estimation is an important basis for risk analysis. An occurrence probability
indicates the likelihood that a certain risk could occur. In this section, we present how we deal with the lack
of data challenge in the pandemic, capture the different risks’ characteristics.

The occurrences of WS and SS are highly related to the outbreak condition in the local and surrounding
areas. Sick workers cannot be on duty which further leads to WS. We use the number of infected cases to
estimate the occurrence probabilities of SS (25) and WS (¢}VS) at time t. As shown in Equation (1), the
occurrence probability of WS equals the number of infected individuals divided by the population:

®
s =55 (1)

where VS is the occurrence probability of WS at time t. The time units are in days. The first day of the
year has a value t = 1. N is the population. ¢(-) is the empirical distribution of infected cases with time in
the study area based on the susceptible-infected-recovered (SIR) model.

SIR model is introduced by Kermack and McKendrick (1927). It assigns the population into three
compartments: susceptible, infectious, and recovered, and controls the flow process with parameters, such
as transition rates, recovery rate, and time. In this paper, an open and online SIR simulation model for
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COVID-19 developed by Eckert and Higgins (2020) is adopted. Figure 2 displays the main interface of the
SIR model. When running the model, a time-related curve of the number of infected cases can be obtained.
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In most areas of the U.S. or Europe, SS occurs before WS. While in China, WS occurs first. The
rationale behind this assumption is based on the outbreak timeline. The virus outbreak first impacted
supplier and producer countries such as China, then relatively late in the other area. That is to say, for most
areas in the U.S. or Europe, the occurrence probability curve of the SS is the curve of the WS with a parallel
displacement. For example, if the scale of parallel displacement is 15 days, then Z¢° is the occurrence
probability of SS at time t:

@(t+15)
2= =0 )

Unlike WS and SSrisks, PB is a result of global social learning and mostly occur in the very beginning
of the pandemic. News portals and social media can easily spark panic around the world via the internet.
Thus, we use the search interest data from Google Trends to estimate the PB occurrence probability. Data
in Google Trends (2020) are relative numbers between 0 to 100. A higher search interest indicates more
search queries have been conducted. The search interest trends of ‘panic buying’ in the U.S. and the U.K.,
two major English-speaking countries, are very similar. The curves began to increase sharply at the end of
February and peaked on March 15, 2020. Though the pandemic outbreak timelines and interventions are
different in these two countries, the highly connected internet spreads the fears of stockout and drives global
panic buying behaviors almost simultaneously. The search interest has a very small vibration from April to
July of 2020, thus we assume the search interests after July equals the average value of the search interests
from April to July. As shown in Equation (3), ZFB is the occurrence probability of panic buying of day t:

YO <181
100

PB
t T ) Lyisiy ®3)
M’ t> 181
100

where 1 is the empirical distribution of the search interest of the U.S. from Google Trends with time. The
bound of the ¢ is 181 since June 30 is the 181% day of this year.

3 SIMULATION MODEL

To further investigate the performance of the stakeholders under risks, a synchronous agent-based
simulation model is built. Synchronous modeling indicates that the model status will be updated based on
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a fixed time step. Figure 3 shows the structure of the simulation model. Every stakeholder (a distribution
center or a retailer) is an independent agent with different attributes in the model. Agents can communicate
with others through message channels. The communications between different nodes veritably simulate the
interactions among stakeholders in the supply chain. For each node, there are two statuses: normal working
status and the status of being affected. The status of being affected means the entity is not in full operation.
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Figure 3: The structure of proposed agent-based simulation model.

of the day

The inputs of the simulation model are risk occurrence probabilities and the entities’ likelihoods of
being impacted (Lols). Lol is a type of occurrence probability that indicates the probability of transiting to
the down status. These probabilities are functions of time and reflect the trend of a random event. To model
the randomness, we use random numbers in the risk event trigger processes and status transition event
trigger processes, as shown in Figure 4. The green curve shows time-varying the occurrence probability of
event m, which reflects the real trend of event m. £,,,(t) is a function of time t. At time t;, the occurrence
probability of event mis 1, = fn(t1). We denote the random number from the uniform distribution U(0,1)
atthe time t; as a;, . If a;, falls into the area below the probability curve (a;, < L, ), for example a; is
at point A, then the event will be triggered. If a;, falls into the orange area above the curve ((a;, > 1 11)),
for example a,_ is at point B, then the event will not be triggered.
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Figure 4: The illustration of randomness modeling based on the empirical distribution.

Every single day, risk events will be randomly triggered according to their occurrence probabilities.
Next, a risk combination will be generated. At the same time, every distribution center node will receive
the combination message and extract the corresponding Lol from its conditional probability tables (CPT).
Based on the Lol, the distribution center node may transit to the status of being affected. After the status
transition of distribution center nodes, distribution center nodes will send messages to related retailers.
Message-sending channels from a distribution center only send messages to retailers that have business
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contacts with this distribution center. One retailer may receive messages from several distribution centers.
Messages received by retailers include the status of distribution centers and a risk combination. After
integrating all messages, retailers will extract the corresponding Lols from CPTs based on the risk
combination and the status of upstream distribution centers, then step into branch blocks. Similarly, retailers
will randomly transit to the status of being affected based on the extracted Lols. The outputs of the
simulation model include everyday [,,, . of every distribution center and retailer. Based on the [,,, , outputs,
two metrics are calculated for further analysis: the annual average Lol (denoted as [,,,) and the maximum
Lol (denoted as IMAX):

T 1
lm:F Tllmt (4)

lrl\r/llAX = max(lm 1 bm, 21 m,3s mt) (5)
where T is the total number of days in the simulation period. The annual average Lol calculated in Equation
(4) indicates the average likelihood of being impacted. The maximum Lol calculated by Equation (5) is the
peak value for the whole year.

The third performance metric (denoted as K,,) is defined to be the number of times that entity node m
is being affected:

Ky = Z{=1 1(1m,t,1] (am,t) (6)

where 1, (amt) is an indicator function that yields 1 if w,,; € (I, 1) and O otherwise. If the
generated random number a,,  falls in range (1, 1) am ¢ IS greater than the likelihood of occurrence
L ¢, hence the node m is being affected at time ¢.

4 CASE STUDY

A case study is conducted based on a case city in the state of New Jersey, the most densely populated state
in the US. Experiments are developed for a supply chain network case with 13 nodes which include 6
distribution centers and 7 retailers of different economic scales (small, medium, and large), as shown in
Figure 5. The proportion of small, medium, and large enterprises is based on the statistics data of the study
area from the United States Department of Agriculture (USDA). We further divided distribution centers
into three supply diversity levels: high diversity level, medium diversity level, and low diversity level. Four
scenarios with different interventions are considered. Based on the real data of the case area, the parameters
in the SIR model in different scenarios are listed in Table 1:

Table 1: Parameters for baseline scenarios in the SIR model based on New Jersey.

Parameter Do Effective Additional 50% Vaccination
Nothing Quarantine Testing Coverage
(D.N) (Eff. Quar) (Add. Test) (Vacc.Cov50%)

Quarantine Start Day 80 80 80 80

Quarantine Duration (days) 0 77 77 77

Quarantine Effectiveness 0.1 0.37 0.1 0.1

Daily Testing Capacity 0 0 2.5k 0

Contact Tracing Effectiveness 0 0 0.5 0

Symptomatic Test Rate 0.1 0.1 0.25 0.1

Infectivity 0.4 0.4 0.4 0.26
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Figure 5: The 13-node supply chain network in our study.

Figure 6 presents the time-varying occurrence probabilities of the three risks under four scenarios. The
panic buying issues first sweep across the city. The outbreak of the virus then leads to a supply shortage
issue. Subsequently, the community-level spread extends into the study area, and the worker shortage
problem occurs. The occurrence probabilities will be the inputs of the next-step simulation.
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Figure 6: The illustration of randomness modeling based on the empirical distribution.

The CPTs are generated based on the following assumptions:
1. Small enterprises (distribution centers and retailers) are more susceptible to worker shortage since
they may not have enough staff reserves;
2. Small enterprises (distribution centers and retailers) are more susceptible to worker shortage since
they may not have enough staff reserves;
3. Distribution centers with a low diversity level are more susceptible to supply shortage given risk
diversification;
4. Small retailers are more susceptible to panic buying considering the limited stock.
Table 2 lists the CPT for distributors. Table 3 to 8 present the CPTs for retailers. In a CPT, “Y” indicates
the occurrence of a corresponding risk event, while “N” indicates nonoccurrence. NFO indicates not in full
operation. A risk combination is a scenario with the occurrence of different risk events.
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Table 2: The conditional probability table (CPT) for distributors.

Supply Diversity Level

Risk Combination

Low
High
Medium
High
Medium
High

Economic Scale  Supply Shortage Y N
Worker Shortage Y N Y N

Large DC100 0.60 050 0.35 0.10
Large DC101 055 0.45 0.35 0.10
Medium DC102 0.60 0.40 0.40 0.10
Medium DC103 0.65 0.45 0.40 0.10
Small DC104 0.70 0.40 045 0.10
Small DC105 0.75 0.45 045 0.10

Table 3: The conditional probability table (CPT) for retailers 202 and 203.

Risk Combination

Economic DC 102 NFO Y N
Scale Worker Shortage Y N Y N
Panic Buying Y N Y N Y N Y N
Medium RS202 0.65 055 055 030 045 0.35 035 0.10
Small RS203 085 0.70 0.65 0.30 0.65 0.50 0.45 0.10

Table 4: The conditional probability table (CPT) for retailers 200 and 201.

Economic DC100 NFO
Scale DC101 NFO
WS
PB Y N Y N

Risk Combination
Y N
Y N Y N
Y N Y N Y N Y N

Y N Y N Y N Y N Y N Y N

Large RS 200
Medium RS201

045 0.40 040 0.20 0.40 035 035 0.15 040 0.35 035 0.15 0.35 0.30 0.30 0.10
0.65 055 055 0.30 055 045 045 0.20 055 045 045 020 045 035 0.35 0.10

Table 5: The conditional probability table (CPT) for retailer 204.

Economic
Scale

DC102 NFO

DC103 NFO
WS

PB

Y
Y N
Y N Y N

Risk Combination
Y N
N Y N
Y N Y N Y N
Y N Y N Y N Y N Y N Y N

Small

RS204

0.85 0.70 0.65 0.30

0.75 0.60 0.55 0.20 0.75 0.60 0.55 0.20 0.65 0.50 0.45 0.10
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Table 6: The conditional probability table (CPT) for retailer 205.

Risk Combination

. DC104 NFO Y N
Economic 5105 NFO Y N Y N
Scale
WS Y N Y N Y N Y N
PB Y N Y N Y N Y N Y N Y N Y N Y N
Small RS205 0.85 0.700.65 0.300.75 0.600.55 0.200.75 0.600.55 0.200.65 0.500.45 0.10
Table 7: The conditional probability table (CPT) for retailer 206 Part I.
Risk Combination
DC101 NFO Y
. DC103 NFO Y N
Economic
Scale DC105 NFO Y N Y N
WS Y N Y N Y N Y N
PB Y N Y N Y N Y N Y N Y N Y N Y N
Small RS206 0.85 0.70 0.65 0.30 0.75 0.60 0.55 0.20 0.75 0.60 0.55 0.20 0.70 0.55 0.50 0.15
Table 8: The conditional probability table (CPT) for retailer 206 Part II.
Risk Combination
DC101 NFO N
~ DC103 NFO Y N
Economic -1 o5 NFO Y N Y N
Scale
Y N Y N Y N Y N
PB Y N Y N Y N Y N Y N Y N Y N Y N
Small RS206 0.75 0.60 0.55 0.20 0.70 0.55 0.50 0.15 0.70 0.55 0.50 0.15 0.65 0.50 0.45 0.10

Considering the randomness of the simulation model, the results presented in this section are the
average value of 100 runs. Figure 7 shows the annual average Lol of each node under four scenarios. Several
conclusions can be obtained from this figure. Firstly, both three interventions (effective quarantine
“Eff.Quar”, additional testing “Add.Test” and 50% vaccination coverage “Vacc.Cov50%”) are effective to
mitigate the risks. Compared with quarantine only, introducing additional testing capacity can significantly
reduce the Lol of all nodes. The effectiveness of Vacc.Cov50% is closed to Add.Test. Then, in all four
scenarios, large and medium retailers are less vulnerable than small retailers. The average Lol of the large
retailer RS200 is much lower than other retailers. RS201 and RS202 are two medium enterprises with
different distributors. Their annual average Lols are very close. Among the four small retailer enterprises,
RS206 is less vulnerable than the other three retailers. RS206 has commercial contacts with three
distribution centers, which is the most among all retailers. This phenomenon highlights the importance of
risk diversification. In other words, multiplying the supply resources is one of the effective ways to reduce
vulnerability. Another noteworthy finding is that the differences among distribution centers are less
noticeable compared with that among retailers. It’s a ripple effect along the supply chain. A similar ripple
effect has also been noticed in Ivanov et al. (2020).
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Figure 7: The annual average likelihood of being impacted (i,,,) of each node.

When investigating the maximum Lol in Figure 8, the first thing we notice is that interventions can
effectively reduce the maximum Lol of distribution centers but become powerless on reducing the
maximum Lol of retailers. For example, the maximum Lol of DC100 decreased more than 40% from the
“Do Nothing” (D.N) scenario to the “50% Vaccination Coverage” (Vacc.Cov50%) scenario. However, the
decrease of RS200’s maximum Lol from scenario D.N to scenario Add.Test is less than 1%. The reason
for the results is that these countermeasures don’t ease the early panic buying behavior. IMAX occurs in the
early stage when retailers are still shocked by the panic buying risk. Per the results of average Lols, small
and medium enterprises and retailers with fewer distribution centers have high maximum Lols which is
unfavorable. In Add.Test, the maximum Lol of RS203 is 1.5 times the maximum Lol of RS200.
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Figure 8: The maximum likelihood of being impacted (IMAX) of each node in the baseline scenarios.

Figure 9 presents the number of times the status of being affected (K,,). Apart from the four
aforementioned scenarios, four additional scenarios are conducted for further analysis. Firstly, we adjust
the quarantine duration to investigate how much the quarantine duration will matter. The Eff.Quar (2W-)
and scenario cuts a two-week guarantine duration down, and the Eff.Quar (2W+) scenario adds two more
weeks of quarantine. Secondly, two new scenarios are generated to investigate the impact of increasing
testing capacity. The Add.Test(0.5K+) scenario has 500 more testing kits per day, while the Add.Test(2K+)
scenario has 2,000 more kits per day. Not surprisingly, the effect of cutting down the quarantine duration
is negative. It will lead to a slight increase in K,,,. The benefits of longer quarantine duration are limited.
The biggest difference is found in DC101. The number of times under the status of being affected of DC100
decreased by only 2% from the baseline Eff.Quar to the Eff.Quar (2W+) scenario. In comparison, the
benefits brought by additional testing kits are relatively obvious. In the Add.Test(0.5K+), seven nodes have
more than 1% decrease in the number of times being affected compared with the baseline Add.Test. When
expanding the daily testing capacity with additional 2 thousand kits, the number of times being affected of
DC101 decreased 8% from the baseline Add.Test. In short, adding testing capacity can effectively mitigate
risks along the supply chain. Moreover, the differences among retailers are more significant than the
differences among distribution centers. Big retailer enterprise RS200 outperforms all other retailers.
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Figure 9: The number of times under the status of being affected (K,,,).

5 CONCLUSION AND DISCUSSION

This paper developed a simulation-based methodology to analyze risks brought by COVID-19 in the supply
chain and investigate the vulnerability of the entities in the supply chain. Based on the performance metrics
of each entity, we analyze the performance of entities in a well-designed supply chain network under
different interventions (effective quarantine, additional testing, and vaccine rollout). Results show that the
benefits brought by additional testing capacity and vaccine rollout are more obvious than that of effective
guarantine. A ripple effect can be observed: differences in performance metrics among retailers are more
obvious compared with that among distribution centers.

The main contributions of our work are two-fold: From a scientific perspective, the risk analysis
methodology provides a paradigm for linking healthcare data and search engine data to supply chain
management to overcome the data shortage challenge. Also, the agent-based simulation model provides a
paradigm for modeling the risk propagation between stakeholders in supply chain systems. From a practical
perspective, by comparing the performance under different interventions, our work can provide insights for
decision-makers on the impact of the interventions, and also advise enterprises on how to strengthen their
ability to withstand the disruptions.

Though we have made some progress in estimating and simulating the risk propagation, limitations
related to data analytics exist. Regarding future directions, we look forward to further studies on data
analytics methodology about extracting useful data for supply chain management from multiple data
sources, such as social media, and the healthcare industry. Studies on the disruption of globalization
considering different nations’ policies are also very important. We also point to models on supply chain
reconfiguration.
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