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Abstract

:

Globalization has brought not only advantages but also risks into the supply chains. One lesser studied risk is the effect of consumer behavior in crises. The recent COVID-19 pandemic has shown that the most efficient and optimized supply chains are susceptible to consumer panic buying. There is a severe need to understand the multitude of scenarios that could manifest after a catastrophe due to the change in consumer behavior so that businesses can develop a mitigation plan. The authors have developed an agent-based model that can simulate the various outcomes of a crisis using a consumer panic buying model and a supply chain model. The model quantitatively evaluates the panic purchase intention of a consumer while assessing the impact of panic buying on the supply chain. This paper introduces the implementation of the model, focusing on output analysis of the various situational settings in disaster aftermath. Preliminary study has revealed that implementing quota policy or rationing uniformly is very effective while controlling media reports or panic buying consumers can reduce consumer demand significantly.
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1. Introduction


Increasing globalization has a multitude of companies taking advantage of global sourcing through procuring inexpensive raw materials or lower labor costs from developing countries, or with technical expertise from advanced nations to increase its profitability. The supply chain, being the lifeline of most retail businesses, benefits from the many dynamics of globalization. The supply chain network of the global FMCG (Fast Moving Consumer Goods) is well woven from one corner of the world to another and monitored real-time with the help of advanced technology. The complex and long supply chains are inevitably subject to disruptions. The increasing risks have had the companies rethinking the management of the extensive supply chains in response to the various internal or external risks, such as inaccurate forecasts, transportation issues, political changes, economic instability, or natural disasters [1,2,3]. The recent COVID-19 pandemic exposed structural flaws that have indicated a requirement for organizations to reassess their risk management approaches. Lockdowns, transportation disruptions, and panic buying led to shortages of products in almost every sector, from medical and essential commodities to automotive and electronic components. While movement restrictions have caused production or distribution problems, panic buying has been a major cause for the severe shortage. The inability of supply chains to cope with the situation during the pandemic has explicitly put forward a lack of expertise and research to mitigate the risk of panic buying during emergency situations or disasters.



Human behavior is impacted when surrounded by a sense of fear or anxiety, especially during disasters or extreme situations. This follows an urge to act on the situation to take control [4,5,6]. Performing this action provides a sense of certainty over the situation [7]. Hence, in the case of a consumer, this ‘fear of unknown’ stimulates the precautionary action of stockpiling as protection against having no stock, which is often termed as ‘panic buying’. Panic buying can be seen regularly before or after natural disasters such as hurricanes and earthquakes, which are mostly regional occurrences limited to the affected areas or countries. However, the recent COVID-19 pandemic has shown that this behavior can be seen in all uncertain situations and has established sufficient proof of panic purchase behavior among consumers [8]. People were hoarding available goods irrespective of necessity. Certain goods such as masks, sanitizers, and toilet paper were flying off the shelves, which resulted in stores implementing sales restrictions in most parts of the world. Panic buying of a product leads to a sudden increase in demand, which creates mayhem along the supply chains of the retail industries, as they mostly work on just-in-time techniques [9]. This disruption progresses to initiate further panic buying, which converts into a vicious circle. Essential commodities, such as food or water are typically at higher risk and might lead to chaotic situations, increasing the number of vulnerable people. Such situations highlight the importance to control the panic among the public along with the presence of a resilient supply chain to be able to provide essentials to the consumers.



Disasters directly affect the infrastructure and operation of supply chains, and this has been discussed by the researchers at large, but these studies have ignored a major cause of supply chain disruption, which is the change in consumer behavior in uncertain situations. This has led to major supply chain failures in challenging circumstances of large-scale disasters. Hence, it is important to study and anticipate consumer behavior in crises. Several researchers studied consumer behavior in disasters. However, the study on panic buying by sociologists or psychologists is still meagre. Yuen et al. [6], had recently presented a comprehensive review of the existing literature present on panic buying, highlighting the lack of research in this area. As mentioned, the supply chain can be disrupted at large due to the sudden change in consumers purchase behavior. The impact on the supply chain due to consumer panic buying is an even lesser-discussed issue. Shou et al. [3] studied consumer panic buying and quota policy under supply disruptions related to supply reliability and the cost of ignoring consumer behavior. Yoon et al. [10] studied sourcing strategies for consumer stockpiling in supply disruptions. However, these studies have not included disasters or emergency situations, which have a significant impact on both the consumer and supply chain stakeholder. The lack of a predictive consumer model or studies of supply chain disruption due to consumer behavior was clear from the past literature [6]. To bridge the gap between supply chain risk studies and consumer behavior in disaster situations, we aimed to build a model that can study consumer panic buying and its impact on the supply chain and that can support in predicting and mitigating the various consequences of large-scale panic buying. Dulam et al. [11] developed a model to analyze both the consumer panic buying of bottled water and the response of the supply chain in the disaster aftermath using an agent-based model. The consumer model has been enhanced for assessing the panic purchase intention of a consumer in an uncertain situation based on the factors that play a significant role during crises [12].



The combined simulation model can help to understand the possible aftereffects of disaster scenarios, such as expected panic buying, the possible supply chain disruption due to it, and the outcomes of the intended mitigation measures used to control the situation, which could help industries be prepared for potential disruptions. For example, stores can foresee the possible demand given the behaviors of consumers in their area and manage their inventory accordingly. The supply chain can test mitigation measures they intend to apply and anticipate consumer reactions. The government can have a thorough view of the chaos that can unfold after a large-scale disaster. The current paper exhibits the application of the model to elevate the importance and benefits of such tools.



The rest of the manuscript is divided into four sections; next section discusses the past literature on this issue. The third section deals with the methodology used for model development. The fourth section shows the outcome of possible disaster scenarios. The fifth section reports the discussion. The last section provides the conclusions of this study.




2. Literature Review


This section discusses some of the available literature regarding consumer panic buying, followed by studies on supply chain impact due to disasters and finally on consumer panic buying and supply disturbances.



2.1. Consumer Panic Buying


The study of consumer behavior is a very popular field, as it forms the basis for the future of any business. The behavior of consumers has been evolving with changing lifestyles, and trends and patterns have been constantly studied by sociologists and psychologists. Consumer stockpiling was initially seen when product promotions or price fluctuations are prevalent. Consumers tend to stockpile when there is an uncertainty in the number of deal opportunities or regular prices. However, consumer panic buying in a large-scale disaster or panic situations is a lesser studied subject, which needs more focus in the wake of an increasing number of disasters. A few of the limited works on consumer behavior in crises is mentioned below. Strahle and Bonfield [5] tried to understand collective consumer actions with a model of individual decision-making in panic situations using eight structural factors, listed from previous literature. Liren et al. [13] advised that government involvement can control panic purchase based on an evolution mechanism and development tendency of panic purchase. Kurihara and Maruyama [14] found that unpreparedness for disaster and excessive media coverage had caused stockpiling of essential goods from an analysis of a survey conducted after the Great East Japan Earthquake. A study by Cavallo et al. [15] reported that disasters can impact product availability directly using online data collected from retailers. Forbes [16] found that consumers purchase increased levels of utilitarian products necessary for survival from a study of scanner data of purchases after the Christchurch earthquake. Lindsay and Hyunju [17] found that high utilitarian and hedonic shopping can be associated with a high level of fear. Recently panic buying has caught the researcher’s attention due to its widespread presence during the pandemic. Yuen et al. [6], identified the causes of panic buying to be (1) an individual’s perception of threat or scarcity, (2) fear of unknown, (3) coping behavior, and (4) social psychological factors based on a literature review of the existing academic papers on panic buying. Loxton et al. [8] compared the spending patterns of consumers during the COVID-19 pandemic and identified similarities with previous crises and shock events. Keane and Neal [18] and Prentice et al. [19] highlighted the influence of government policies on consumer panic buying using an econometric model based on Google search data and on semantic analysis, secondary data, and big data analytics, respectively. It can be observed from the above works that the study on panic buying behavior is still in its earlier stages, requiring research that can lead to forecasting the consumer behavior in times of disaster.




2.2. Supply Chain Management


Today’s global supply chains are extremely complex, and a minor deviation of an element exposes the entire chain to disturbances, which impact both the performance and its long-term sustainability. As the supply chain’s performance is vital to any business, supply chain disturbances could have a significant effect. Bernstein [20] wrote, “the demand for risk management has risen along with the growing number of risks.” Additionally, Christopher and Peck [21] said, “in today’s uncertain and turbulent markets, supply chain vulnerability has become an issue of significance for many companies and appropriate research on resilient supply chains are yet to be conducted”. There is immense literature in the field of supply chain risk management, which studies the causes, effects, and mitigation of the typical risks in an event of a disaster. Katsaliaki et al. [22] provided a comprehensive review of possible risks, supply chain disruptions, modelling approaches, and resilience strategies, highlighting the impact, importance, and necessity of supply chain risk management. These works are paving way for better-equipped, resilient supply chains. Mensah and Merkuryev [23] prioritized the risks and proposed appropriate strategies and tools for understanding supply chain resilience in order to avoid those risks. Highlighting environmental risks such as natural disasters, several researchers have worked to study the effect on supply chains. Ivanov and Wendler [24] studied the existing quantitative methods and identified issues in emergency logistic management in disaster situations. Inoue and Todo [25] built a model to calculate the indirect damage along with its propagation during the 2011 triple disaster by simulating nationwide supply chains. Giannakis and Louis [26] modelled the supply chain risks for manufacturing industries using an agent-based approach. A few researchers in recent years have studied supply disturbances under stockpiling conditions. Yoon et al. [10] mentioned that stronger panic buying behavior is seen when consumers hold an experience of similar problems while studying a retailer’s single and multiple sourcing strategies for consumer stockpiling initiated by supply disruptions. Zheng et al. [27] studied optimal inventory ordering policy for the retailer by taking into consideration consumers social learning behavior. Tsao and Raj [28] studied product segmentation and found that substitution and customer segmentation will increase profits by categorizing retailers in a panic-induced supply disruption scenario. Hobbs [29] suggested that the just-in-time supply chain model may be vulnerable to demand and supply shocks, as seen in the early months of the COVID-19 pandemic. The author raised several questions regarding the timing of the implementation of limits on purchasing, and the consumer’s trust in the government and food system to manage the crisis.



The above discussions show that studies about consumer panic buying and supply chain disturbances are present, albeit the former in its early stages. However, the impact on supply chain due to consumer panic buying was not explored to date. This strengthens the previously discussed lack of research on the concerned topic. Furthermore, the necessity for predictive models was also highlighted in the above works. The current study addresses exactly this issue by proposing a novel means to approach the problem.





3. Methodology


This section explains the model in brief, as the article’s focus is the implementation of the simulation tool. The objective involves the study of consumer behavior and its impact on the supply chain. Hence, the model chiefly comprises a supply chain model and a consumer model. The supply chain involves the stakeholders and their actions to complete the functions of the supply chain. The consumer model involves the process leading to the purchase of essential commodities in disaster aftermath.



The model is influenced by the consequences of the Great East Japan Earthquake, which had a severe impact on the infrastructure, the economy, and even the people. The nuclear accident intensified the crisis due to the radiation leak. One major consequence of the disaster was panic buying, which was prevalent in a wide range of sectors, such as the food and beverage industry and the auto component sector [10,30]. Fuel, bottled water, bread, and instant meals were among the top sellers [14]. Due to the radiation leak, the Tokyo water department had warned that infants must not consume tap water due to increased radioactive iodine levels. This notice instigated people to panic-buy bottled water in unprecedented quantities. There were several media reports and articles about the stockout of food and drinking water in stores, especially in the national capital. Analysis of such situations helps us identify potential problems associated with panic buying. Hence, we used the consequences of the triple disaster as a reference for identifying the key parameters of the model.



3.1. Supply Chain Model


The supply chain is an integration of a multitude of elements, such as people, organizations, activities, resources, and information, required for the manufacturing, distribution, and sale of a product. The model implements the key functions of the supply chain members required for sustaining their businesses. A simple supply chain with four tiers was considered with five stakeholders involved in the production and supply of bottled water as supply chain agents (SCAs), which are manufacturers (M), distributors (D), individual retailers (R), chain heads (CH), and their chain retailers (R). The product moves down the hierarchy, changing hands from the sellers into their buyers in the above-mentioned order.



The model was built with a supply chain design of continuous replenishment; the sellers provide the product to their buyers daily or at regular intervals depending on their lead time. In an interval, the SCAs prepare for sale and, when a consumer places an order, make the sale depending on the availability of stock. After all the consumers complete their purchase action, the SCAs conduct an inventory check and place orders to their sellers. The above actions of inventory management are based on the conventional economic order quantity model for variable consumer demand [31]. The supply chain model is designed such that the stakeholders strive to satisfy their customer demand. However, there might be some intervals where the demand is more than the usually expected quantity, which appears as a disturbance in the supply chain. Supply chain disturbance is defined in the current work as a minor imbalance in supply and demand for an interval or two, which is normalized immediately. However, when the disturbance is continuously persistent for several intervals, it converts into a supply chain disruption.




3.2. Consumer Model


The consumer model deals mainly with the decision-making of the consumer depending on the circumstances. Consumer decision-making is the study of how individuals make decisions on how they spend their available resources, such as time, money, and effort, on the consumption of products, which is influenced by the consumer’s emotional, mental, and behavioral states. The influencing factors have been categorized as personal, social, individual, psychological, and situational. The model is built using a six-step decision-making process viz., need recognition, information search and processing, factor valuation, decision, purchase, and purchase evaluation. The household agent undertakes the above-mentioned process to make the purchase decision based on its available resources and information.



The consumer agent is a ‘household’, which includes its members. The main consumer model involves the decision-making process. Some sub-models are required to support the agent action, explained as follows. The product consumption model (here, water) calculates the average and per interval consumption of the household depending on the weight of each member [32,33]. The store selection model helps the consumer to select a store in its vicinity based on its preferences. The purchase quantity model calculates the required quantity based on available inventory and consumption habits. The satisfaction model evaluates consumer satisfaction based on product availability for the interval and outcome of the purchase action.



The decision-making process is phase-dependent; the household’s decision-making criteria are different in the pre-and post-disaster phases. Pre-disaster decision-making is based on the available inventory and the consumption of the household. However, the post-disaster scenario unveils a multitude of psychological and situational factors evoked as a consequence of the disaster. Hence, post-disaster decision-making was developed based on a logistic transformation model, using a multiple regression analysis of a questionnaire survey. A questionnaire survey was conducted to comprehend the factors influencing the decision-making of the purchase of essential commodities, specifically bottled water, during a crisis. The questionnaire is designed such that the questions output the respondent’s opinions on the influencing factors that are identified from past literature and articles published during the 2011 triple disaster [14,34,35].



Based on the survey outputs, the regression model is built based on significant personal factors (explanatory variables): household size, children, past purchase difficulty, past purchase behavior, risk, and anxious temperaments and effect of situational factors (response variables): sales restrictions employed by the retail stores, media reports, rumors about shortages, and neighbor’s panic purchase behavior, as listed in Table 1.



The regression equations obtained from the regression analysis give the model parameters ( α ), which along with the situational factors give the response variable ( Y ), and in turn, the purchase intention (  P I  ) can be obtained, shown in Equations (1) and (2), respectively.


  P I =  1  1 +    e  − Y      



(1)






  Y = ln    p  1 − p     =   ∑   i = 1  4   α i   x i  + ε  



(2)







Here,   P I   is the purchase intention or probability of stockpiling;



 Y  is the response variable;



 x i is the situational vector element for the ith situational factor;



   α i    is the linear model parameters for the ith situational response variable;



ε is a constant.



Figure 1 shows the process of decision-making in the post-disaster phase. The model parameters for each consumer agent are calculated, based on the regression equations obtained from the questionnaire survey, during the generation and initialization of the agents.



The process in the dashed box is conducted for every interval. Once the disaster occurs, the situational variables are calculated in every interval based on the circumstances of the consumer agent. The dynamic situational factors and the pre-calculated model parameters are inputted into the decision-making model to arrive at the purchase decision as explained earlier.




3.3. Simulation Design


The simulation tool, shown in Figure 2, is designed using an agent-based approach. The agent-based methodology allows one to capture the complexity of the system and the heterogeneity of human behavior. The randomly generated personal consumer attributes and the dynamic situational factors are inputted into the model to obtain the panic behavior of the consumers along with how the supply chain performance (SCP) has been impacted. The model involves all the actions required by the consumer agents and supply chain agents to satisfy their respective objectives. The output evaluates the changes in consumer behavior due to the disaster. The factors inducing panic buying can be identified along with the increase in product demand. The impact on the supply chain is measured by the product availability or stockout condition of the SCAs. The combined consumer panic buying and supply chain model can be used to test several mitigation scenarios and understand their outcomes. This tool will help test mitigation measures and learn their effectiveness, the situational factors that would increase or decrease panic buying, how to manage the inventory to increase availability, etc. The most commonly used strategy to curb panic buying is limiting sales per person. Hence, sales restrictions and rationing have been used as control measures in the current work.



The simulation runs through three time phases. After the initialization of agents, the pre-disaster phase is initialized. The SCAs maximize their utility, while the consumers purchase according to their consumption and purchase habits. The post-disaster phase is triggered at the onset of the disaster. Consumer behavior changes depending on the changing circumstances. Consumers stop the consumption of tap water in fear of possible contamination. The strategy phase is initialized when a mitigation measure is employed to control the panic buying. A more detailed explanation and development of the model can be found in earlier works [11,12].





4. Results and Analysis


The simulation is set in an environment with a virtual grid of 100 × 100 size. The generation of the consumer agents and SCAs is random and are uniformly distributed, as shown in Figure 3. The location of the consumer agents and the SCAs for the simulations is also shown. The scope of the simulation is very small, considering its initial stages. Currently, for trial purposes, only 2000 households have been considered with a population of 4208. The household count and the age distribution of the population are set according to the Japan demographic data [36]. The personal attributes of the consumer agent are generated randomly but distributed according to the questionnaire survey. In the supply chain model, there are four retail stores, two individual retail stores, and two chain stores, as it is required to have at least two stores for every 1000 households in accordance with the store density of Tokyo [37]. There is one chain head for the two chain stores, one distributor, and one manufacturer to produce the product. The agents along with their attributes and properties are initialized before the time is initiated. The simulation is run for a time period of 60 intervals, where the disaster occurs in the 30th interval and the strategy is initiated in the 31st interval when employed. The initial parameters of the agents are initialized in such a way that the warm-up period of the simulation is reduced to around five intervals. For example, the initial average sales are initialized for the retailers based on the number of consumers in their vicinity. The higher level SCA’s initial average sales are cumulative of the buyer agent’s average sales. However, these values are recalculated at regular intervals based on actual sales. With the help of these initial settings, the warm-up period and the run time have been considerably reduced. The stochasticity of the consumer and supply chain agents makes it a difficult task to identify the changes due to the implementation of the different scenarios. In order to concentrate on the impact, one set of consumers is used for the production of the results. The simulation is coded using Java language on the Eclipse development environment, while the data analysis for the consumer model was conducted using JMP pro statistical software.



We conducted simulations for different scenarios by varying several key parameters of the model, such as the initialization of the strategy or varying the situational elements. The following four disaster and mitigation scenarios have been considered as the setting for the simulations: Case 1: a normal scenario without any disaster; Case 2: disaster occurs, but no strategy is implemented; Case 3: disaster occurs, and sales restrictions are implemented; Case 4: disaster occurs, and rationing is implemented. The difference between the two strategies is that in the sales restrictions case, the consumers can make multiple purchases by visiting several stores until their requirement is met, while the consumer’s purchase is limited to one purchase per interval in the rationing case.



4.1. Validation


The verification and validation of agent-based models is a difficult task. A possible method is to compare the simulation outputs with the factual records. However, access to such data is difficult. The performance of the supply chain model, as explained in Section 4.3, shows a similar effect to the bullwhip effect in a normal scenario. The consumer demand is variable, so the small variation in demand results in the amplified response along the hierarchy of the supply chain. This phenomenon can be seen in Figure 4, which validates the model. The consumer decision-making model in a disaster scenario is also verified by running the simulation where there are no changes in consumer behavior due to panic. In the current model, disaster impact on consumer agent is the discontinuation of tap water consumption, an increase in purchase quantity, and the influence of situational factors. Therefore, the consumers continue consumption of tap water, the panic buying factor is 1, and the situational elements of reports and rumors do not exist, as demand has not increased. With the above setting, the SCP is evaluated, as shown in Figure 5, for the disaster case without any strategy. The performance is similar to that of a normal case, and the stark difference from the disaster case can be seen (refer Section 4.3). The above aspects demonstrate that the model is consistent with the conceptual model.




4.2. Effect of Strategy on Consumer Satisfaction


The impact of the disaster or the strategy on the consumers is measured with the number of satisfied consumers. The satisfaction (   S f   ) of consumers is calculated based on the product sufficiency and outcome of the purchase action with equal weightage to both factors. The consumers are divided into five categories based on their satisfaction: full satisfaction (   S f  = 1  ), high satisfaction (  0.5 <  S f  < 1  ), medium satisfaction (   S f  = 0.5  ), low satisfaction (  0 <  S f  < 0.5  ), and zero satisfaction (   S f  = 0  ). Fully satisfied consumers are those who have sufficient inventory for the interval or who have made a full purchase; hence, the satisfaction is the maximum level, i.e., 1. The highly satisfied consumers are those who have sufficient inventory for the interval but have purchased less than the required quantity. Medium level satisfaction consumers are those who have sufficient inventory for the interval but could not purchase the product at all. The low satisfaction consumers do not have an inventory sufficient for the interval, but could make an insufficient purchase; hence, the product available with the consumer might or might not be sufficient for the interval. Finally, the zero satisfaction consumers neither have sufficient inventory nor could make any purchase. Hence, the consumer has to survive the interval without access to the product.



Figure 6 shows the number of consumers in each satisfaction category for each interval. It can be seen that 100% of consumers have been satisfied in the normal case. While, in the disaster without a strategy case, the number of fully satisfied consumers has reduced, and the consumers with zero satisfaction have increased in the intervals after the disaster, peaking around the 40th interval, with almost 50% of the consumers with zero satisfaction. The implementation of the restrictions can be seen to reduce both the number of zero satisfaction consumers and the number of intervals with the presence of such consumers. While there are still around 10 intervals, where some consumers have to cope without the product, it can be seen that the number of zero satisfaction consumers has reduced drastically in the last case, indicating that rationing can be helpful in increasing the reach of the product, necessary for the survival of the people.




4.3. Effect on Supply Chain Performance


Supply chain performance (SCP) is one of the key outcomes of the current research. Supply chain performance can be evaluated using several factors such as efficiency, delivery time, and reliability. However, as the focus is on supply chain disruption in disaster times, we have used the base elements of inventory and sale.



4.3.1. Inventory-Sale Ratio


The Inventory-Sale ratio,    R  I S    , is a ratio of inventory to sale, where the sale is the sum of the sale and the lost sale (after stockout), as shown in Equation (3). A lost sale is the sale opportunity lost by the SCA due to the unavailability of the inventory. Hence, the lost sale appears in the equation only if a stockout occurs.


   R  I S i   =    I  S C i      S i  +    S  L i      



(3)







Here,    R  I S i     is the inventory sale ratio in interval i;



   I  S C i     is the current inventory of the supply chain agent in interval i;



   S i    is the sales in interval i;



       S  L i     is the lost sales in interval i.



The inventory–sale ratio is a tier-level cumulative value of all the SCAs in the tier. Figure 4 shows the    R  I S     of each tier along the time. This ratio indicates the efficiency of the SCA in managing its inventory. Hence, if    R  I S     > 1, the white region in Figure 7, the on-hand inventory is greater than the demand, placing the SCA in a safe condition, and if    R  I S     < 1, the red region, the SCA has insufficient inventory and moves into the stockout zone, which is seen as a disturbance. An inventory–sale ratio graph looks as shown in Figure 4, but to focus on the stockout zone, the inventory–sale ratio axis is shown from 0 to 3 in the above graphs.



Figure 7 shows the impact on SCP in different scenarios. It can be seen that the retail tier has moved into the stockout zone in the normal phase, indicating the presence of lost sales in some of the retail store agents. An unexpected increase in demand for a retail store has caused this disturbance, as there was no cumulative stockout. Hence, it can be regarded as a minor disturbance. However, once the disaster is triggered in the 30th interval, it can be seen in the disaster case that the demand is so high that all the SCAs are in the stockout zone for consistently more than 10 intervals, indicating a crash in the supply chain. The sales restrictions have helped in averting the supply chain crash but could not avoid the disturbances, while the rationing case was effective in avoiding the disruption and maintaining the SCP. When the strategies are in place, the consumer demand is not satisfied; hence, the    R  I S     of the retail stores continues to be very low as demand is far greater than the inventory.




4.3.2. Stockoutness


A parameter, named stockoutness, is introduced to understand the difference in the performance of the supply chain in various cases. Stockoutness indicates the stockout condition of the agent or the depth of the SCA in the stockout zone. This parameter is a cumulative inventory–sale ratio in the stockout zone as shown in Equation (4).


   S t o c k o u t n e s s = ∑ S t o c k o u t n e s  s i     S t o c k o u t n e s  s i  =       1 −  R  I S i   ,       0 ,                 i f    R  I S i   < 1             i f    R  I S i   > 1       



(4)







The stockoutness of the supply chain in the four cases is shown in Table 2. This is depicted in Figure 8. It can be observed that the strategies have allowed the stockoutness of the supply chain to reduce, while rationing brings the stockoutness to almost zero. As explained earlier, the stockoutness of the retail tier would continue to be on the higher end, as the sale is restricted. Stockoutness would be used to compare the SCP in the rest of the results.





4.4. Effect of Time Variation of the Strategy Initialization


In the simulation runs of the above results, the strategy is implemented in the consecutive interval of the disaster. However, in reality, such a fast reaction might not be possible. Hence, the effect on SCP is studied by varying the interval in which the strategy is initialized. The occurrence of disasters such as typhoons and hurricanes can be known beforehand, and mitigation measures can be taken earlier. Hence, to realize the effect of varying the start of the strategy, five cases were considered with the strategy initialized in different intervals with respect to the disaster interval: three intervals before disaster occurs (D − 3), one interval before disaster occurs (D − 1), one interval after disaster occurs (D + 1), five intervals after disaster occurs (D + 5), and ten intervals after disaster (D + 10).



Figure 9 and Figure 10 show the performance of the supply chain given sales restrictions and rationing for a few of the above-mentioned cases. It can be observed that the supply chain disruption can be averted if the sales restrictions are employed as early as possible, while the supply chain recovers immediately with rationing.



The stockoutness, for the five cases and the case without any strategy, was calculated and is shown in Table 3 for the sales restrictions case. Figure 11 shows that stockoutness increases as initialization of the strategy is delayed. This indicates that the early employment of sales restrictions by stores could avoid a possible supply chain disruption. The SCP is improved immediately with the help of rationing at any point in time, as can be seen in Table 4 and Figure 12; the effectiveness of rationing is evident, as stockoutness is greatly reduced in all cases when compared with the case without any strategy (disaster case in Figure 7).




4.5. Effect of Variation of Stores with Strategy


Effect on the system when the number of stores employing a strategy varies can also be studied using this tool. In the results presented thus far, all the retail stores employ the strategy, while in reality that might not be the situation. There will be some stores that place sales restrictions, while some stores do not employ any strategy. Five cases were considered: 0%, 25%, 50%, 75%, and 100% of the stores employ a strategy. The effect on the supply chain along with the effect on consumer satisfaction is presented here.



Figure 13 and Figure 14 show the SCP and the consumer satisfaction for the 25%, 50%, and 75% cases considered with sales restrictions and rationing, respectively. 0% (Disaster) and 100% (Strategy) cases can be found in Section 3.2 and Section 3.3. It can be seen that, in both the strategy cases, the difference or improvement of SCP by increasing the number of stores with the strategy is not evident. However, uniform (100%) enforcement of the strategy is very effective.



Figure 15 and Figure 16 show the stockoutness of the supply chain tiers, whose values are given in Table 5 and Table 6. It can be observed that the effects of increasing the number of stores employing the strategies are not apparent; moreover, it creates an imbalance among the retail stores. This is because stores that do not employ a strategy continue with regular sales and the consumers can purchase their desired quantity by visiting the stores without sales restrictions. The stores without restrictions always stockout immediately. Hence, the expected improvement by increasing the number of stores with a strategy cannot be observed.




4.6. Effect of Variation in the Amount of Reports and Rumors


The effect when the situational elements of reports and rumors are decreased was also examined. The amount of reports and rumors is varied to generate various distributions, ranging over {0,1}, {0,0.75}, {0,0.5}, {0,0.25}, and {0,0}, while the pattern is uniform, as shown in Figure 17. These runs were conducted in the case of disaster and no strategy alone, to understand the impact of controlling the amount of reports and rumors alone.



The effect of varying the amount of reports and rumors on the SCP is shown in Figure 18 using the stockoutness, whose values are given in Table 7. It can be seen that there is not much effect on the SCP, especially after the range falls below 0.5.



Figure 19 shows the variation in the cumulative demand of the community with varying amounts of reports and rumors. It can be seen that there is a significant decrease in demand when the amount of reports and rumors is reduced to 0.75 and 0.5. However, a further decrease in the situational elements has no impact, as this demand is from consumers who have stopped tap water consumption. Hence, even the absence of the reports and rumors has resulted in increased demand.



Figure 20 shows the effect on the satisfaction of the consumers by varying the amounts of reports and rumors. Similar to the effect on cumulative demand, decreasing the amount of reports and rumors from 1 to 0.5 helps in reducing the peak of the zero satisfaction consumer curve from around 1000 in the disaster case to around 700. However, a further decrease in the amount of reports and rumors has no effect due to the presence of the demand of consumers who have converted to bottled water following the disaster.




4.7. Effect of Variation in the Number of Panic Buyers


The presence of panic buyers increases product demand, disrupts the supply chain, negatively affects consumer satisfaction, and influences their neighbors to panic-purchase. Hence, it is important to investigate the impact of the presence of panic buyers on the system. In the current context, a consumer is a panic buyer if s/he stockpiles, i.e., if the panic buying factor (   P  b f    ) is greater than 1.5. With this understanding, the survey showed that 29.6% of the respondents were panic buyers. We considered several cases by reducing the number of panic buying consumers from 29.6% to 0%, as shown in Table 8. The last case was set such that    P  b f     is 1 for all the households. Hence, no consumer stockpiles or increases their purchase quantity. The distribution of the panic buying factor for consumer agents is also shown. The simulations for these cases are considered with the case of disaster and no strategy.



The effect of varying the number of panic buyers on SCP is shown through the stockoutness in Figure 21, with the values in Table 9. The impact on the supply chain with the reduction of panic buyers is not as significant; however, there is a slight decrease in stockoutness as the number of panic buyers decreases. This is because the change in the conditions due to the reduction of panic buyers is not significant to alter the SCP.



Figure 22 shows the effect on cumulative demand. It can be observed that there is a gradual decrease in demand as the number of panic buyers is reduced. In the case with 0% panic buyers and    P  b f     = 1 for all consumer agents, the cumulative demand is still high. This demand is due to consumers who have stopped tap water consumption and due to the presence of consumers who make a purchase at every interval because of the situational factors of reports and rumors.



The effect on consumer satisfaction is shown in Figure 23. Similar to the cumulative demand, there is a gradual decrease in the number of zero satisfaction consumers and a gradual increase in full satisfaction consumers with an even reduction of panic buyers.





5. Discussion


The purpose of this research is to understand how consumer behavior is affected due to disasters and mitigation measures and how these changes, in turn, affect the supply chain process targeting the demand risk [22]. It can be seen from the output of the above results that the model can be used to test any desired scenario to perceive possible outcomes.



The above results demonstrate an impact on the supply chain along with the effectiveness of the strategies considered. As reported in several past works, the consumer behavior undergoes radical changes after a disaster leading to increased demand of the product [4,6]. This change in consumer behavior has a negative effect on the supply chain, leading to disruption. The strategy of restricting sales implemented by retail stores is beneficial in controlling the supply chain disruption. The rationing system effectively avoids a crash of the supply chain and allows more consumers to procure the product. The model can also be used to study the time at which mitigation measures should be implemented, as it can be seen that a delay in the implementation of strategies can cause a delay in recovery. Therefore, looking at the performance of strategies, an early implementation of the measures would produce favorable outcomes. It would also help the community to recover faster from negative disaster consequences. However, this model can be used to develop and test other strategies that could contain the damage caused due to unforeseen occurrences.



This model helps us to understand the outcome with varying degrees of situational elements. The strategies when employed by only a portion of stores create imbalance and reduce the effectiveness of the strategy. However, a scenario where many stores employ the strategy could be a step forward in controlling the panic situation. Regarding media reports, it was seen that restricting them by 50% led to a significant decrease in demand, which headed to increased availability of the product. Hence, if authorities can contain information broadcasts about panic buying and shortages, it could facilitate in reducing panic among consumers considerably. Along with media, people are highly influenced by the actions of others. The decrease in the number of panic buyers resulted in a proportional decrease in the demand, and in turn, the number of zero satisfaction consumers decreased.



The increased demand and unavailability of the product immediately after disaster is in accordance with previous reports during past disasters [14,17]. The findings of this work on the strategies were found to be consistent with previous belief regarding the efficiency of the quota policy [3,10] in bringing the situation to control and it would reassure the stakeholders for the continuation of this strategy in crises. However, the outputs highlight rationing, as it could be appealing for supply chain managers and researchers to work on better implementation methods of this strategy. The impact of media, contrary to the popular belief of being a major influencer [8], was found to have 50% impact in this case.



The above observations are based on the settings used for the simulation. Hence, increasing the scope or settings could possibly result in a different outcome according to the inputted setup. Nevertheless, this analysis puts forward the usage and application of the model in multiple scenarios. The current work could benefit supply chain risk managers, as this tool allows us to understand consumer behavior and predict the demand for panic buying scenarios for any product. A survey can be conducted in a community to study their behavior in case of a disaster. When inputted with the actual data of the consumers in the community, this simulation tool will provide with the future demand and help the stores and supply chain managers to develop the BCPs for future disasters. In addition, the managers can identify the weak links, distribution issues. The stores can understand the reaction of the consumers and manage their activities by maintaining their image, service and quality. The optimal timing of implementing the mitigation measure can also be identified. These managers can test other mitigation measures to avoid supply chain disruption. This work can accommodate regular SC risks such as demand risks, supply risks, behavioral risks as mentioned by Katsalaki et al. [22] by using the modeling approach for quantitative analysis. The higher level SCAs can prepare resilient measures to satisfy their customer’s order or test the effectiveness of quota policy on the lower SCAs. The retail chains would particularly benefit from this tool, as they can acquire sufficient knowledge of the consumer behavior of their retail stores and develop quantitative plans to reduce impact in case of panic buying. As mentioned earlier, it could be of great help to policymakers in analyzing the consequences of large-scale disasters, to develop strategies such that the basic necessities are available to a maximum number of people. The information and broadcasting department can regulate media articles in order to reduce panic buying. The consumer model can be utilized by studies dealing with influence of government policies such as Liren et al. [13], Keane [18] and Prentice et al. [19] and to understand the consumer reaction to the policies. Furthermore, the consumer model for panic situations could be of interest to researchers, as it could be used for identifying reasons which instigated stockpiling, mentioned by Yuen et al. [6]. This can help several researchers to focus the study on the prime influencers. It is known from past literature that panic buying is a herd mentality. This model could allow us to investigate the diffusion of panic buying in the community. On the other hand, academicians can study the prominence of non-panic buyers in lending their hand to decrease mass panic buying and provide essential insights for a resilient society. Researchers can use the model to simulate panic buying among consumers, especially as a COVID-19 case study, and to strengthen the efficiency of supply chain process.




6. Conclusions


Consumer behavioral changes in uncertain situations, such as large-scale disasters, have a severe impact on supply chain management. We developed a multi-agent model of consumer panic buying and the supply chain that can be used to study the outcomes of several scenarios and to obtain an optimal approach to tackle the possible problems in the disaster aftermath. The model can analyze behavioral changes and identify reasons for the changes. The trial simulations show that strategies are beneficial in avoiding supply chain disruptions, with rationing being a more effective measure. An earlier implementation of quota policy lowers the impact on the supply chain while rationing can be implemented depending on the criticality of the situation. A 50% reduction of reports can reduce the demand significantly. Reduction of panic buyers has the potential to increase product availability. The tool could be useful in helping industries understand consumer behavioral changes and guiding them in developing optimal measures for a resilient supply chain. The model could also be beneficial for governments seeking to make necessary efforts to control chaotic post-disaster situations, where providing essentials to the citizens is one of its prime tasks. There is an increasing need for more work on panic buying to understand it better and improve situations in times of increasing disasters.



There is a vast scope of future work given the comprehensiveness of the model. The inter-agent communication in the current model is limited, which has to be improved for more realistic outcomes. Another limitation is that supply chain stakeholders do not take any action, apart from the implementation of strategies, when the disaster occurs, which is in contrast to reality. This has to be improved using methods such as emergency safety stock. The consumer characteristics are assumed to be static in the current model, but such characteristics are dynamic in nature, especially the psychological elements, and change depending on the situational factors, circumstances, and the environment.
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Figure 1. The framework of the post-disaster decision-making model. 
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Figure 2. An overview of the simulation tool. 
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Figure 3. Agent spatial distribution in the environment. 
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Figure 4. Supply chain performance of the four supply chain tiers in the normal scenario. 
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Figure 5. Supply chain performance in the disaster scenario and no panic buying. 
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Figure 6. Consumer satisfaction in the four scenarios. 
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Figure 7. Supply chain performance in the four scenarios. 
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Figure 8. Stockoutness of the supply chain tiers in the four scenarios. 
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Figure 9. Effect on SCP due to the time variation of initialization of sales restrictions. 
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Figure 10. Effect on SCP due to the time variation of initialization of rationing. 
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Figure 11. Stockoutness of the supply chain tiers when initialization of sales restrictions is varied. 
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Figure 12. Stockoutness of the supply chain tiers when initialization of rationing is varied. 
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Figure 13. Effect on SCP and consumer satisfaction due to the variation of number of stores with sales restrictions. 






Figure 13. Effect on SCP and consumer satisfaction due to the variation of number of stores with sales restrictions.



[image: Sustainability 13 04370 g013]







[image: Sustainability 13 04370 g014 550] 





Figure 14. Effect on SCP and consumer satisfaction due to the variation of number of stores with rationing. 
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Figure 15. Stockoutness of the supply chain tiers when number of stores with sales restrictions is varied. 
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Figure 16. Stockoutness of the supply chain tiers when number of stores with rationing is varied. 
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Figure 17. Variation in the amount of reports and rumors. 
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Figure 18. Stockoutness of the supply chain tiers when the amount of reports and rumors is varied. 
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Figure 19. Effect on cumulative demand due to the variation in the amount of reports and rumors (cumulative demand for cases with reports and rumors—{0,0.5}, {0,0.25}, and {0,0} overlap, as the demand is similar). 
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Figure 20. Effect on consumer satisfaction due to the variation in the amount of reports and rumors. 
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Figure 21. Stockoutness of supply chain tiers when the number of panic buyers is varied. 






Figure 21. Stockoutness of supply chain tiers when the number of panic buyers is varied.



[image: Sustainability 13 04370 g021]







[image: Sustainability 13 04370 g022 550] 





Figure 22. Effect on cumulative demand due to the variation in the number of panic buyers. 
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Figure 23. Effect on consumer satisfaction due to the variation in the number of panic buyers. 
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Table 1. List of explanatory and response variables for the regression analysis.






Table 1. List of explanatory and response variables for the regression analysis.









	Explanatory Variables
	Response Variables





	Household size
	Effect of sales restrictions



	Presence of children
	Effect of reports



	Past purchase behavior
	Effect of rumors



	Past stockpiling behavior
	Effect of neighbor’s behavior



	Risk temperament
	



	Anxious temperament
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Table 2. Stockoutness values of the supply chain tiers in the four scenarios.
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	Case
	R
	CH
	D
	M





	Normal
	0.07
	0
	0
	0



	Disaster
	24.83
	3.68
	9.77
	11.92



	Sale restriction
	26.55
	1.80
	1.76
	4.26



	Rationing
	25.53
	0.04
	0.20
	0
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Table 3. Stockoutness of the supply chain tiers when initialization of sales restrictions is varied.
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	Strategy Initialization Interval
	R
	CH
	D
	M





	No strategy
	24.83
	3.68
	9.77
	11.92



	D − 3
	27.33
	0.41
	1.67
	1.73



	D − 1
	27.02
	0.55
	1.87
	2.43



	D + 1
	26.11
	1.72
	2.06
	4.85



	D + 5
	26.55
	1.93
	3.21
	6.44



	D + 10
	27.54
	3.23
	4.66
	4.43
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Table 4. Stockoutness of the supply chain tiers when initialization of rationing is varied.
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	Strategy Initialization Interval
	R
	CH
	D
	M





	No strategy
	24.83
	3.68
	9.77
	11.92



	D − 3
	28.68
	0
	1.12
	0



	D − 1
	28.07
	0
	1.26
	0



	D + 1
	28.04
	0.57
	0.85
	0



	D + 5
	28.01
	0.97
	2.62
	0.74



	D + 10
	27.73
	1.20
	1.74
	3.86
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Table 5. Stockoutness of the supply chain tiers when number of stores with sales restrictions is varied.
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	Percent of Stores with Restrictions
	R
	CH
	D
	M





	0%
	24.83
	3.68
	9.77
	11.92



	25%
	20.11
	2.24
	5.69
	7.10



	50%
	19.24
	2.15
	4.48
	7.15



	75%
	20.00
	2.13
	4.01
	8.44



	100%
	26.11
	1.72
	2.06
	4.85
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Table 6. Stockoutness of the supply chain tiers when number of stores with rationing is varied.
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	Percent of Stores with Rationing
	R
	CH
	D
	M





	0%
	24.83
	3.68
	9.77
	11.92



	25%
	19.59
	1.97
	2.77
	5.30



	50%
	21.65
	2.41
	4.94
	10.49



	75%
	26.34
	3.16
	1.85
	2.93



	100%
	25.53
	0.04
	0.20
	0
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Table 7. Stockoutness of the supply chain tiers when the amount of reports and rumors is varied.
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	Range of Reports and Rumors
	R
	CH
	D
	M





	{0,1}
	24.41
	3.65
	9.77
	11.81



	{0,0.75}
	22.94
	3.65
	9.09
	11.08



	{0,0.5}
	21.40
	3.65
	8.40
	10.83



	{0,0.25}
	21.38
	3.65
	8.40
	10.83



	{0,0}
	21.38
	3.65
	8.39
	10.83
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Table 8. Distribution of the panic buying factor of consumer agents with a varying number of panic buyers.
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Panic Buying Factor

	
1

	
1~1.5

	
1.5~2

	
2~3

	
3~4




	
Percentage of Panic Buyers

	






	
29.6%

	
44.7

	
25.7

	
22.6

	
4

	
3




	
20%

	
54.3

	
25.7

	
20

	
0

	
0




	
10%

	
64.3

	
25.7

	
10

	
0

	
0




	
0%

	
74.3

	
25.7

	
0

	
0

	
0




	
0% +    P  b f   = 1  

	
100

	
0

	
0

	
0

	
0
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Table 9. Stockoutness of supply chain tiers when the number of panic buyers is varied.
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	Percent of Panic Buyers
	R
	CH
	D
	M





	29.6%
	24.83
	3.68
	9.77
	11.92



	20%
	22.12
	3.65
	8.67
	10.93



	10%
	20.20
	3.59
	7.72
	9.83



	0%
	18.66
	3.59
	7.09
	9.18



	0%+    P  b f   = 1  
	17.47
	3.59
	6.51
	8.54
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