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Abstract
Bullwhip effect not only distorts demand information but also reduces the ability
to response fluctuations in market demand of entire supply chain. Advancing research on evolution mechanism of bullwhip effect and analyzing control strategies
will have important practical significance for stable supply chain development.
This paper constructs a model of three-level supply chain that includes retailers,
wholesalers and suppliers as the main entities and reports the results of simulating
models with different structures and vendor managed inventory. The results
shows that bullwhip effect does exist in supply chains and that the effects of fluctuations in three parameters of inventory level, sales prediction and ordering rate
gradually increase in magnitude along supply chain to different degrees. Both
supply chain level and inventory management method have a direct impact on
bullwhip effect. On this basis, practical measures such as information sharing and
supply chain structure optimization can be used to alleviate bullwhip effect.
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1. Introduction
A supply chain system is a functional network composed of raw material suppliers, manufacturers, distributors, retailers, and end users. It integrates three basic streams of logistics flow, information flow, capital flow and is an important
part of any economic system [1]. Not only is it a material chain linking initial raw material processing and production to
final product consumption, but more importantly, it can realize the addition of value in resource allocation and in product
manufacturing, distribution and consumption through reasonable supply chain operation and management [2]. Therefore,
supply chain system is the most important value-adding chain in an economic system. However, due to its own inherent
characteristics and uncertainty of external environment, supply chain system exhibits a high degree of complexity and is
highly dynamic [3]. On the one hand, the diversity and variability of consumer demand causes the production activities in
supply chain to vary dynamically with changes in market demand [4]. On the other hand, the intensification of market
competition and disruption of economic environment can lead to complex conflicts of interest among various companies
participating in supply chain. Production operations between nodes are subject to restrictions and mutual interactions as
products pass through supply chain system [5]. Due to asynchronous and uncertain nature of information transfer, demand information is often not effectively communicated between the members of supply chain due to various factors
affecting the process of delivering downstream information from end customers up supply chain to raw material suppliers
[6]. The demand information may be amplified in each step of chain or even severely distorted. Eventually, demand issued from one level to the next higher level will be much greater than the actual number of orders required at the current
level. This is the bullwhip effect.
Since the concept of bullwhip effect was proposed, scholars have achieved great advancements in their research [7].
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Many scholars have found that errors in demand forecasting are an important cause of bullwhip effect because inaccurate
predictions will affect order planning and inventory control for enterprises in supply chain [8]. Vendors arrange output,
purchase plans and predictions based on historical customer demand data, orders from downstream companies will be
processed by upstream companies as forecast information, resulting in upstream distortion of downstream company order
information [9]. These upstream enterprises suffer from greater errors in demand forecasting and will further increase the
quantities of raw materials ordered from upstream suppliers, which leading to an increase in demand for entire supply
chain [10]. In addition, asymmetry of information is another important cause of bullwhip effect.
Bullwhip effect leads to the distortion of demand information, making it impossible for upstream companies in supply
chain to accurately grasp market demand and disturbing normal production plans of enterprises, reducing their response
ability to demand fluctuations, causing inventory backlogs or shortages. This causes entire supply chain to become misaligned, increased operating costs for companies and lower customer service levels among supply chain entities. Since it
was first described, bullwhip effect has become a focus of attention in practice and theory of supply chain management.
In the face of ever-changing economic environment and increasingly fierce market competition, it will be necessary to
conduct further research on the conditions, influencing factors and evolution mechanisms related to bullwhip effect to
strengthen the study and application of coping strategies and methods for controlling bullwhip effect. Understanding the
impact of bullwhip effect on companies has important practical significance for improving the efficiency of supply chains,
enhancing the competitiveness of enterprises, preventing external shocks, achieving healthy and stable economic development.

2. Literature review
In recent years, the academic community has paid increasing attention to bullwhip effect. Bullwhip effect refers to inevitable amplification of demand in supply chain management. Bullwhip effect leads to the distortion of demand information, an increase in inventory investment costs, inefficient production planning and a low level of service, ultimately
leading to supply chain imbalance and a decline in corporate profits.
Various studies on bullwhip effect have been reported in literature. At present, some scholars have applied methods of
robust cybernetics, anti-bullwhip effect, prediction methods and recursive algorithms to weaken bullwhip effect [11-14].
Some scholars have also systematically studied the causes of bullwhip effect. With the whole supply chain as study object, investigations of bullwhip effect in supply chain cannot accurately reveal the influence of relationships between enterprises forming nodes of supply chain. It is easy to overlook certain characteristics of these node enterprises themselves
that are important factors, in combination with the complexity of influence of relationships between enterprises, these
difficulties can result in the establishment of a simulation model solely on the basis of factors that characterize the system
as a whole. However, such a model cannot accurately reflect the different influences of each enterprise, and consequently
the established simulation model contains certain discrepancies between modelled supply chain nodes and actual operations of enterprises.
System dynamics is a discipline that focuses on analysis of information feedback systems, and it is also a
cross-disciplinary area involving the recognition and solution of problems in such systems [15]. The earliest application
of system dynamics to supply chains was bullwhip effect. Through system dynamics simulations, researchers found that
bullwhip effect exists in supply chains and that this phenomenon is deserving of close attention [16]. Subsequently, dynamic simulation analyses for diagnosis, optimization and decision-making with regard to bullwhip effect were performed. Various factors influencing demand amplification that is characteristic of bullwhip effect, such as complexity
and time pressure of inventory management, delay of demand information, and issues related to productivity and manpower were examined. In addition, studies on factors influencing bullwhip effect have focused on just-in-time production
model, customer service levels, total costs, and responses of customers and markets [17].
The earliest systematic study of bullwhip effect from a quantitative perspective addressed rational decision-making
behaviour of managers seeking to maximize their own profits. This study identified four main causes of bullwhip effect:
demand prediction, rationing of supply, fluctuations in order quantity and price. Scholars have since carried out more
detailed research on each of these four main causes. The existing literature on bullwhip effect has mainly focused on
supply chain structure and information sharing. The causes of bullwhip effect can be classified into two categories: business operations and behaviour of supply chain participants [18]. The causes of business operations mainly include order
delivery times, inventory policy and replenishment strategies, supply chain structure, consistency of corporate activities
and business processes. Behaviour of supply chain participants mainly include time delays in the order decision-making
process, information sharing behaviours, and attitudes towards risk.
In this paper, methods of system dynamics are used to simulate bullwhip effect consisting of manufacturers, wholesalers and retailers as nodes of network. Three parameters, inventory levels, sales forecasts and delivery rates are considered to study the existence of bullwhip effect. Analysis of bullwhip effect in supply chain system can reveal the main
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causes of bullwhip effect, thus enabling a breakthrough in suppressing bullwhip effect to minimize demand fluctuations
in supply chain and improve the response to market demand. The development of feasible control strategies for bullwhip
effect will facilitate integration of theoretical research into management practice, thereby promoting the optimal allocation of system resources in supply chain operations and enabling overall optimization of supply chain system.

3. Materials and Methodology
3.1 System structure modeling and problem identification
System structure modelling is an important prerequisite for system dynamics research. System modelling is mainly
used to analyse and design systems, predict system development trends and implement optimal system control. The most
important flows in supply chain management are the logistics flow, information flow and capital flow. This paper considers a three-level model of supply chain system. A three-level supply chain model generally includes three types of
supply chain nodes: suppliers, wholesalers and retailers. Retailers interact directly with customers, who have the most
accurate grasp of changes in market demand and are also the source of market demand. When the demand for a commodity increases, a retailer issues order information to a wholesaler. If the wholesaler has sufficient inventory, the wholesaler
can immediately supply the retailer to meet the market demand. Otherwise, if the wholesaler has a shortage of stock, the
wholesaler sends order information to a supplier. The system structure is shown in Figure 1.
This paper mainly studies bullwhip effect in three-level supply chain on the basis of order and inventory information
of each supply chain node. Due to the backlog caused by bullwhip effect, inventory fluctuations are relatively large,
meaning that inventory is not sufficiently stable, resulting in high costs and a loss of competitive advantage. Therefore,
measures are urgently needed to weaken bullwhip effect, thereby reducing costs incurred and enabling the establishment
of a stable competitive advantage. To this end, through the modelling and simulation of supply chain, our aim is to find
the cause of bullwhip effect and then identify a better supply chain structure to weaken the influence of bullwhip effect.

3.2 Construction of the causal loop diagram
There are two delays in three-level supply chain. One is the delay in information exchange process, which is the feedback process from retailers to wholesalers. The other is delay in material supply process, which represents the time required by wholesalers to meet the retailer’s order requirements. When satisfying the demand from retailer, wholesaler’s
inventory will be reduced. In turns, an increase in order quantity from wholesaler will cause supplier to increase the
quantity ordered from the next upstream supplier. In this process, a similar delay will be incurred before market demand
can be responded to. Thus, the overall causal circuit diagram is a negative feedback system consisting of retailer’s inventory, retailer ordering, wholesaler’s inventory, wholesaler ordering, and supplier's inventory. The causal relationships are
shown in Figure 2.
Figure 2 includes a positive feedback loop and a negative feedback loop. The positive feedback loop is as follows: inventory level of retailers---order quantity of retailers---shipment quantity of wholesalers-inventory level of wholesalers---purchasing quantity of wholesalers---outbound quantity of producers---inventory level of producers---production
quantity of producers---inventory level of retailers. That is, as retailers’ inventories decrease, retailers’ order volume increases accordingly, resulting in an increase in wholesale shipments. As wholesalers’ inventories decrease, purchasing
quantity of wholesalers will increase, which will increase output of manufacturers. As inventories decrease, larger production orders will be placed with manufacturers, resulting in an increase in orders upstream of retailers, ultimately resulting in an increase in retailer inventories.
logistics flow
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Figure 1. Structure of supply chain system.
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Figure 2. Causal loop diagram for the three-level supply chain.

The negative feedback loop is as follows: inventory difference of retailers---order quantity of retailers---inventory level
of wholesalers---inventory difference of wholesalers---outbound quantity of producers---production quantity of producers---production cycle of producers---inventory level of retailers---inventory difference of retailers. That is, as retailers’
inventories decrease, inventories of wholesalers will also decrease, leading to a decrease in inventories of manufacturers.
The reduction in wholesale inventories will cause manufacturers to increase their inventories because retailers’ order
quantity is certain, and this will reduce inventory difference of retailers to a certain degree.

3.3 Construction of the system flow chart
The first step in drawing system flow chart based on a causal relationship diagram is to identify horizontal and rate variables. According to the relationship analysis in Figure 2, three variables, namely, inventory of retailers, inventory of
wholesalers and inventory of producers are selected as horizontal variables. The market demand rate, delivery rate of
wholesalers, delivery rate of producers and production rate of producers are selected as system rate variables in supply
chain system. The system flow chart is shown in Figure 3.

Figure 3. System flow chart for the three-level supply chain.
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3.4 Establishment of the simulation equations
Through the analysis of system flow chart and causal relationships between variables in three-level supply chain system, the logical relationships between variables can be clearly identified. The quantitative relationships between system
variables need to be analysed. There are 22 variables in the model, including 3 horizontal variables, 4 rate variables, 10
auxiliary variables and 5 constants. The initial assignments of variable expressions and constant values are presented as
follows.
Inventory of retailers=INTEG (delivery rate of wholesalers-market demand rate, 1000)
Inventory of wholesalers=INTEG (delivery rate of producers-delivery rate of wholesalers, 1000)
Inventory of producers=INTEG (production rate of producers-delivery rate of producers, 1000)
Market demand rate=300+IF THEN ELSE (TIME>4, RANDOM EXPONENTIAL (-200, 200, 0, 100, 4), 0)
Production rate of producers=DELAY3 (production of producers, production delay)
Delivery rate of producers=DELAY3 (ordering rate of wholesalers, transportation delay)
Delivery rate of wholesalers=DELAY3 (ordering rate of retailers, transportation delay)
Ordering rate of retailers=MAX (0, sales prediction of retailers+(expected inventory of retailers-inventory of retailers)/inventory adjustment time)
Expected inventory of retailers=coverage time of expected inventory*sales prediction of retailers
Sales prediction of retailers=SMOOTH (market demand rate, moving average time)
Delivery rate of wholesalers=DELAY3 (ordering rate of retailers, transportation delay)
Expected inventory of wholesalers=coverage time of expected inventory*sales prediction of wholesalers
Ordering rate of wholesalers=MAX (0, sales prediction of wholesalers+ (expected inventory of wholesalers-inventory
of wholesalers)/inventory adjustment time)
Sales prediction of wholesalers=SMOOTH (delivery rate of wholesalers, moving average time)
Expected inventory of producers=coverage time of expected inventory*sales prediction of producers
Production of producers=MAX (0, sales prediction of producers+(expected inventory of producers-inventory of producers)/inventory adjustment time)
Sales prediction of producers=SMOOTH (delivery rate of producers, moving average time)
Inventories and expected inventories of retailers, wholesalers and producers are all expressed in units of pieces. Delivery rates, sales predictions and ordering rates of retailers, wholesalers and producers are expressed in units of pieces/week. Delivery rates of wholesalers and retailers are expressed in units of pieces/week. Production rate of producers,
production of producers and market demand rate are expressed in units of pieces/week.
In addition, the parameters of simulation are set as follows: INITIAL TIME=0 weeks, FINAL TIME=100 weeks, and
SAVEPER=TIME STEP=1 week, corresponding to 100 weeks of simulation cycles. The values of constant parameters
are presented as follows: production delay of producers=3, inventory adjustment time=4, coverage time of expected inventory=3, moving average time=5 and transport delay=3.

4. Results
This paper collects relevant data from field research on supply chains reflecting the inventories, sales forecasts and delivery rates of retailers, wholesalers and producers. Based on the assumptions of these previous data and of simulation
model constructed above, inventory dynamics, sales forecasts and delivery rates were simulated with Vensim 5.6 software. The results are shown in Figure 4.

4.1 Inventory levels under bullwhip effect
Figure 4A and Figure 4B show expected inventory and inventory levels of producers, retailers and wholesalers. The
overall trend of inventory variations in three-level supply chain is similar to that of expected inventory variations. Inventory of the terminal retailers exhibits small fluctuations with time, mainly due to the continuous impact of daily retail on
their individual inventories. Inventory fluctuations of wholesalers are larger than those of retailers, while inventory fluctuations of upstream suppliers are the most pronounced. After 3 weeks, inventories of wholesalers and producers have
started to fluctuate following inventory fluctuations of retailers. The maximum inventory of retailers is observed at 37
weeks, and the maximum inventory of wholesalers appears at the end of 45 weeks, lagging behind the maximum inventory of retailers. This is because of the delays of information and logistics, which cause wholesalers to be unable to satisfy the ordering rate of retailers in a timely manner, resulting in valley and peak lag. The fluctuation cycle for wholesalers
is longer than that for the retailers. This is because purchase frequency of wholesalers is lower, but the quantity purchased is larger. Inventory fluctuation amplitudes in supply chain serve as good proof of bullwhip effect.
Expected inventories of retailers, wholesalers and producers show similar fluctuations under the influence of bullwhip
DOI: 10.26855/jamc.2021.06.002
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effect. That is, small fluctuations in expected inventory of retailers cause large fluctuations in expected inventory of
wholesalers and suppliers, leading to even larger fluctuations in expected inventory of producers.

Figure 4. Simulating supply chain bullwhip effect.

4.2 Sales predictions under bullwhip effect
Figure 4C shows that sales predictions of producers exhibit the largest and longest fluctuations, followed by sales predictions of wholesalers and retailers. The retailers directly interact with the market. Thus, they can use their observations
of market demand as information to generate accurate product sales forecasts to guide adjustments they wish to make to
the quantity of goods they have on hand, and consequently sales predictions of retailers show the minimum fluctuations.
In general, due to the combined influence of uncertain factors and time delays, upstream of supply chain exhibits larger
fluctuations than downstream end do. For example, the first valleys in the sales predictions of the retailers, wholesalers
and producers appear at 11, 19 and 23 weeks, respectively.
There is a similarity between sales predictions of members and the fluctuations in sales predictions of producers. That
is, small fluctuations in retailers’ sales predictions cause a larger range of fluctuations in sales predictions of wholesalers
and the largest-amplitude fluctuations in sales predictions of producers. The experimental results show that bullwhip effect has a significant effect in three-level supply chain, which has a strong and complex impact on the production planning and inventory control of supply chain.

4.3 Ordering rates and market demand rate under bullwhip effect
Figure 4D shows ordering rates and market demand rate under bullwhip effect. The producers show the largest range
of fluctuations with variations in market demand rate, followed by producer productivity and ordering rate of wholesalers.
The influence of bullwhip effect is most significant in inventory levels, sales predictions and ordering rates and the
greatest influence is observed at the upstream end of supply chain. The inventory and order quantities of each member
exhibit large fluctuations, and demand information is magnified at each step in supply chain system.
DOI: 10.26855/jamc.2021.06.002
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5. Discussions
5.1 Adjusting the structure of supply chain
To study the impact of supply chain structure on bullwhip effect, inventory dynamics in two-level supply chain network and four-level supply chain network are studied for comparison with those in three-level supply chain network. The
purpose of this investigation is to verify whether bullwhip effect is related to the length of supply chain. In the two-level
supply chain, wholesalers are omitted, allowing suppliers to directly trade with retailers. In the four-level supply chain,
distributor nodes are additionally considered, resulting in a four-level supply chain model consisting of producers, wholesalers, distributors and retailers.
5.1.1 Two-level supply chain
The system models, system boundaries, causal loop diagrams, system flow charts and simulation equations for
two-level supply chains are similar to those for the three-level supply chain. And the simulation results for two-level
supply chain are shown in Figure 5. Fluctuations in expected inventory levels, inventory levels, sales predictions, ordering rates and market demand rate are all below than three-level supply chain, which implies that as the length of supply
chain decreases, bullwhip effect becomes smaller.
5.1.2 Four-level supply chain
The simulation results for four-level supply chain are shown in Figure 6.
An analysis of the simulation of four-level supply chain shows that the range of inventory fluctuations is much larger
than that for the three-level supply chain.
5.1.3 Comparison of simulation results
The simulation results for inventory levels and sales predictions in three kinds of supply chains are shown in Figure 7.

Figure 5. Simulating bullwhip effect in two-level supply chain.
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Figure 6. Simulating bullwhip effect in four-level supply chain.

Figure 7. Simulation for two-level, three-level and four-level supply chains.

Simulation results for three kinds of supply chains mentioned above reveals that as the length of supply chain increases,
inventory fluctuations of nodes at all levels become increasingly large. In the four-level supply chain, supplier inventory
reaches a maximum of 6,000 pieces, which markedly exceeds the maximum amount of inventory in the two-level supply
chain.
By comparing inventories and sales predictions of all supply chain members at all levels, it is seen that as the number
of nodes in supply chain increases, inventory and production demand of suppliers both increase significantly. Thus, the
more participants there are in horizontal level, the more times information is processed and amplified, resulting in a larger distortion of market demand. That is, as the length of supply chain grows, bullwhip effect becomes worse. Therefore, it
can be concluded that the organizational structure of supply chain has a great impact on bullwhip effect. Consequently,
by either directly or indirectly adjusting the organizational structure of supply chain, bullwhip effect can be weakened
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throughout the entire supply chain.

5.2 Adjusting the inventory structure of supply chain
The purpose of this analysis is to investigate the influence of information structure on bullwhip effect in three-level
supply chain operating under VMI model. The simulation results for ordering rates of retailers, expected inventories of
retailers, inventories of retailers and sales predictions of retailers in VMI supply chain and three-level supply chain are
compared in Figure 8.

Figure 8. Simulating VMI and three-level supply chain.

5.3 Tactics for alleviating bullwhip effect
5.3.1 Information sharing in supply chain
The efficiency of information sharing in a supply chain determines the response speed of supply chain. The root cause
of bullwhip effect is the inability of supply chain members to effectively account for information on interactions affecting
production planning and procurement decisions. Therefore, information sharing among all nodes is one of the most direct
ways to alleviate bullwhip effect. If the relevant information such as customer order quantity, existing inventory quantity,
sales volume data of each enterprise can be circulated among various enterprises in supply chain efficiency, enterprises at
all levels of supply chain can understand the demand of their downstream enterprises as soon as possible. The demand
changes will be responded in a short period of time and bullwhip effect will be well controlled. In addition, information
sharing can also promote mutual trust among members of supply chain, which can facilitate agile response to rapidly
changing market demands.
First, information asymmetry should be weakened and information sharing among supply chain nodes should be increased. Second, establishment of information exchange platform for supply chain nodes is an important way to improve
information sharing and alleviate bullwhip effect. Relevant information technology such as Internet and electronic data
interchange (EDI) should be used to establish real-time sharing information platforms. Only when information is shared
in a wider scope can the actual downstream demand in supply chain be accurately captured, thereby reducing information
asymmetry and alleviating bullwhip effect.

DOI: 10.26855/jamc.2021.06.002

81

Journal of Applied Mathematics and Computation

Shupei Liu, Qiang Sun

5.3.2 Adjusting supply chain structure
Through the simulation of supply chain structure, it can be seen that the more nodes are present in supply chain system,
the more obvious bullwhip effect. Therefore, reducing the number and accelerating information flow can also ensure the
accuracy of order information and significantly reduce bullwhip effect. With the horizontal and vertical scale of supply
chain increasing, the number of supply chain members will be increased and the real demand information is processed
and distorted more frequently. Therefore, the horizontal and vertical scales in supply chain should be reduced as much as
possible to weak the impact of supply chain information distortion. At the same time, new business models such as direct
sales can be adopted to reduce the horizontal level of supply chain so as to contact the final customer and grasp the market demand as much as possible.
5.3.3 Other Tactics
Retailers can anticipate consumer demand using multiple forecasting methods, thereby ensuring that they will order a
reasonable number of products from upstream side of supply chain and achieve the maximum economic benefit with the
minimum inventory cost. Wholesalers can place orders with producers as far ahead as possible without affecting normal
business operations. Manufacturers can find alternative products to slow down bullwhip effect on products. In addition,
producers can survey and supplement inventory levels of wholesalers and retailers ahead of time to avoid superimposition of inventory fluctuations of downstream enterprises and thus effectively suppress bullwhip effect.
According to the actual characteristics of supply chain structure, advanced inventory management technology such as
VMI should be used to achieve the coordination of overall supply chain. The main idea of VMI is to integrate suppliers
with their downstream enterprises. Suppliers set up inventory under mutually agreements and obtain the required inventory level of downstream enterprises at any time so suppliers can respond to market changes and consumer demand more
efficiently. VMI can not only effectively reduce the total number of warehouses in the entire supply chain to reduce the
uncertainty of supply chain, but also transport goods accurately and timely, thereby weakening bullwhip effect.

6. Conclusions
Based on supply chain theory, a three-level supply chain composed of suppliers, wholesalers and retailers was considered in this paper. Using this supply chain model, causal loop diagram for three-level supply chain system was established by means of a system dynamics model. Then, the flow chart and simulation equations for three-level supply chain
system were simulated using Vensim 5.6 software. It is found that both supply chain level and inventory management
method have a direct impact on bullwhip effect. On this basis, practical measures to alleviate bullwhip effect are proposed from the perspective of information sharing, optimizing supply chain structure and information technology application.
However, there are many aspects of bullwhip effect needed to be studied. For example, although this paper proposes
the delay measures of bullwhip effect, it is difficult to achieve the mutual influence of various measures. Therefore, the
delay strategy evaluation of bullwhip effect will be a further study in the future.
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