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Abstract. Bullwhip effect has always been considered as one of the critical problems in a supply chain
that negatively influences costs, inventory, reliability and other important business processes especially
in upstream agents. This problem has become even more critical due to the increased complexity of
global supply chains. This paper aims to develop a simulation approach based on system dynamics
modeling to create specific supply chain to quantify the bullwhip effect as well as to reduce such effect
and adaptive network based fuzzy inference system for quantifying and reducing the bullwhip effect in
a multi-product, multi-stage supply chain which their agents release their order based on inventory
model. The proposed model is comprised of three groups of variables, namely the structure of a supply
chain network, supply chain contributions and supply chain performances.
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1 Introduction
The objective of supply chain management is to provide a high velocity flow of high quality, relevant
information that will enable suppliers to provide an uninterrupted and precisely timed flow of materials to
customers. Many companies are achieving significant competitive advantage by the way they configure
and manage their supply chain operations. The idea is to apply a total systems approach to managing the
entire flow of information, materials, and services from raw materials suppliers through factories and
warehouses to the end customer [1]. Since then, there have been a significant number of studies with respect
to all the major causes of the bullwhip effect by [2],[3],[4],[5],[6]. Recently, third-party warehousing has
also been cited as one of the causes of the bullwhip effect [7]. Classical inventory management models for
multi-echelon supply chains require that the product demand process be fairly smooth in order to make it
mathematically tractable [8]. In comparison, simulation models are well suited to study complex supply
chains with non-smooth demand process and allows for transient analysis. It is therefore widely used in the
bullwhip effect analysis as well by [9],[10],[11]. Moreover, research related to multi-stage supply chain
often assumed that all supply chain agents use the same contributions such as the same forecasting
technique, or inventory policy [4],[12],[13]. Therefore, this paper proposes a simulation model to quantify
the bullwhip effect in a multi-product, multi-stage supply chain which supplies chain agents release their
order based on inventory level. Generic models based on system dynamics approach are proposed for users
to create specific supply chains to quantify the bullwhip effect as well as to simultaneously adjust the
parameters to reduce such effect.
The model considers the structure of the supply chain network, its contributions and performance levels
which may result in developing inventory, linkage and contribution models. The bullwhip effect was
quantified throughout the supply chain against the time scales. Accordingly, a simulation model based on
a system dynamics modeling and adaptive network based fuzzy inference system for analyzing the bullwhip
effect in a multi-product, multi-stage supply chain was developed and validated in the industry. System
dynamics modeling is a powerful simulation approach for studying and managing complex feedback
systems and adaptive network based fuzzy inference system is implemented in system dynamics modeling
in order to increase the reliability of a system dynamics model for modeling soft variables that exist in the
supply chain environment. The proposed model is comprised of three groups of variables influencing the
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bullwhip effect, namely the structure of a supply chain network, supply chain contributions and supply
chain performances. The flexibility of the proposed model allows users to model various types of ordering
policies which are basic inventory policies, material requirement planning system and just in time approach.
Consequently, users can quantify the bullwhip effect for their own supply chain as well as for
simultaneously adjusting the parameters in the model to reduce its adverse effects.

2 Development of Model
Models and methods, reviewed literature in multi stage supply chain modeling and also defined a research
agenda for future research in this areas. Minegishi [14], In system dynamics modeling and simulation of a
particular food supply chain, showed dynamics could contribute to improve the knowledge of the complex
logistic behavior of an integrated food industry. He presented practical simulations results are presented.
Patroklos [15] adopted system dynamic methodology as a modeling and analysis tool for the strategic
supply chain management. Modeling is done on the basis of feedback system with symbols of level and
flow variables. The “Level” variables describe the state of the systems by continuous integration of actions
resulting from these systems. The flow variables express actions. The level exist permanently even if any
activity were to cease, whereas the flow would disappear. This mode of representation makes it possible
thereafter to represent the variations of these states through differential equations and to study their dynamic
behavior. This progressive step of modeling leads us to continuous simulations, which allow us to visualize
stabilized behaviors and to analyze characteristic phenomena of stability within certain real systems.
2.1 Inventory Model
The inventory model is developed for modeling an inventory level of a supply chain unit. There are three
main inputs in this model which are the number of inventory at the initial stage, defect rates and the decision
when a supplier is short of stock (cancel the missed order or wait for all orders). Consequently, an inventory
level, an inventory position and the total number of products shipped to customers against time scale are
automatically quantified. Figure 1 shows the basic structure of the inventory model.

Figure 1: The basic structure of the inventory model. [10]

2.2 The Linkage Model
It is developed to model information flow and product flow between Inventory models. The model consists
of two sub-models including a linkage model for product distribution (Distribution Linkage) and product
transformation (Production Linkage). The production linkage model is developed for modeling information
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and product flows between inventories of supply chain units which has product transformation or
production.
The first variable that users have to assign in this model is an order lead time which is a period of time since
a production order is placed until the product is produced and shipped to product inventory. The second
variable is a production lead time which is a period of time since the product’s materials are ready for
production until the ordered product is shipped to product inventory. The third variable is an allocation
policy which identifies the ratio of material which is allocated for producing different products when there
is a shortage of material. The fourth parameter is a bill of material (BOM) which is the number of units of
material used for producing one unit of a product. The causal loop diagrams of a Distribution Linkage
model and a Production Linkage model are shown in Fig.2-3.
The results of the distribution and production linkage models are the number of products shipped to a
customer and the number of orders received from supplier against time scale.

Figure 2: The structure of the distribution linkage model. [10]

Figure 3: The structure of the production linkage model. [10]
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2.3 Supply Chain Contribution
The supply chain contribution layer is for identifying specific contributions of each supply chain agent. A
generic model called Contribution model was created to model contributions for each agent. There are
demand processing technique, ordering policy or production policy in regular situations or when a supplier
has a promotion or shortage gaming. Figure 4 shows a causal loop diagram of Contribution model. The
major inputs of the generic model are:
1) Ordering policy. Ordering policy is a set of policies to control an inventory level in the organization. It
aims to monitor levels and to determine when stock should be replenished and how large orders should be.
The proposed model covers four ordering policies: (1) Continuous inventory system, (2) The periodic
review, (3) Min-Max system, and (4) Scheduled ordering.
2) Information quality level. This model covers five information quality levels based on [16]. Level1: No
new information is used. There is no information collected for forecasting and updating the ordering policy
parameters. Level2: Only the history of incoming demands is available and used in forecasting and updating
the ordering policy parameters. In this case, lead time is assumed as a constant. Level3: The histories of
incoming demands and of lead times are available. However, information on lead time variance is not used
in updating the ordering policy parameters. Level4: The histories of incoming demands and of lead times
are available. They are used in forecasting and updating the ordering policy parameters. Level5: The history
of final lead time demand is available. It is used directly in forecasting and updating the ordering policy
parameters [16].
3) Forecasting technique. This model covers two types of popular forecasting techniques in order to predict
an average demand; namely simple moving average and exponential smoothing.
4) Information sharing. This model is able to model two groups of a supply chain based on information
sharing. The first group is a traditional supply chain which only a retailer can assess the end customer
demand. Each agent generates its own forecast based on local information. The second group is the supply
chain with information sharing. In this group, all supply agents receive information of end-customer
demand which is used for forecasting and updating the ordering policy parameters.
5) Order lead time. It is a period of time elapsed since a supply chain agent places an order until that order
is shipped to its inventory. Order lead time in this model is presented as a stochastic lead time and modelers
are able to set their own lead time pattern for each supply chain agent.
The main results of the contribution models are the same which are the number of orders released to
suppliers and the bullwhip effect level. This research uses the proposed model is a bullwhip effect which
can be measured in two dimensions: Total bullwhip effect (TBWE) and Partial bullwhip effect (PBWE)
[12],[13], as shown on equation 1 and 2 respectively.
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Where �� is placed as quantity of unit k’s order and ��� is end customer demand i and k supply chain unit
in a supply chain (k=1, 2, 3, … , n) and i is number of end customer in the same chain and �� demand from
downstream partner at supply chain unit k.
Both equations quantify the bullwhip effect in term of a ratio of order variance. The first equation aims to
quantify the bullwhip effect in term of variation ratio of end customer demand (��� ) while the second
equation quantify the bullwhip effect in term of variation ratio of local demand (�� ). However, the average
of inventory level and the average number of shortage are also measured form the model.

Figure 4: A causal loop diagram of contribution model
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3 Simulation Model
The supply chain of a company was selected to validate and to demonstrate the flexibility of the proposed
model. Its supply chain network for this company presents two-product, three stage supply chain as shown
in Figure 4. The main products produced by company shipped to its distributors and retailers respectively.
Company uses a material requirement planning principle to control production planning and the number of
material orders which are released to its suppliers. In additional, a vendor managed inventory approach is
used to design the timing and the size of products that are shipped to their distributors. Vendor managed
inventory is a supply chain strategy where the vendor (manufacturer) is given the responsibility of managing
the buyer’s (distributors) stocks. The company supply chain is composed of one manufacturer and three
distributors which are open every day. Company generates orders instead of its distributors to fulfill their
inventory by shipping Product A at a multiple of 840 units to a distributor in which its Product A stock is
‘low’ and shipping Product B at a multiple of 700 units to a distributor in which its Product B stock is ‘low’.
The order lead time is one day. The linguistic data ‘low’ for inventory levels is a soft variable which is
dependent on human judgment.
Therefore, adaptive network based fuzzy inference system was applied to model the relations within this
shipment decision. There are two steps to implement adaptive network based fuzzy inference system in
system dynamics modeling [17]. The first step is to use adaptive network based fuzzy inference system to
find the relation between inputs and output which is presented as a fuzzy inference system from an
input/output data set. This paper used one of the most popular programming languages the MATLAB Fuzzy
Logic Toolbox (The Math Works Company) for creating a fuzzy inference system via an adaptive network
based fuzzy inference system learning algorithm.

4 Validation Model
The simulation model for the company supply chain was created to quantify and reduce the bullwhip effect.
In order to validate this simulation model, the bullwhip effect of each supply chain unit was collected for a
period of 90 days. The results successfully show that the findings of the proposed simulation model were
consistent with the results from the actual data. The bullwhip effect levels on the supply chains of Products
A and B are shown in Figures 5-6. The error for the bullwhip effect estimation varies between 0.2 and 7%
as shown in Table 1. The average errors for the distribution and manufacturer agents are only 0.75% and
5.5%, respectively.
Table 1: Total bullwhip effect analysis.
Agent

Item

Actual data

Simulation result

Error %

Error Average %

Distributor 1

Product A

21.5180

21.4750

0.20

0.75

Product B

15.1340

14.9221

1.40

Distributor 2
Distributor 3
Manufacturer

Product A

25.3470

25.4230

0.30

Product B

17.1540

17.2398

0.50

Product A

25.9620

25.4947

1.80

Product B

14.7900

14.7456

0.30

Product A

6.4920

6.0441

6.90

Product B

2.1650

2.0762

4.10

Material

3.9480

3.7309

5.50
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Bullwhip Effect (Product A)
30.0000
25.0000
20.0000
15.0000
Actual data

10.0000
5.0000

Simulation result

0.0000

Figure 5: Total bullwhip effect levels for product A.

Bullwhip Effect (Product B)
30.0000
25.0000
20.0000
15.0000

Actual data

10.0000

Simulation result

5.0000
0.0000

Figure 6: Total bullwhip effect levels for product B.

5 Analysis of Bullwhip Effect
The company case is an example of a supply chain which manufacturer and distributors share information
via the vendor managed inventory principle to reduce the bullwhip effect and add value to the chain.
In a traditional supply chain without information sharing, the bullwhip effect normally increases along the
supply chain from retailer, distributor, manufacturer and supplier. Alternatively, using the vendor managed
inventory strategy, the simulation results show that the bullwhip effect levels at the manufacturer agent are
lower than the distribution agent (Figures 5-6). Vendor managed inventory may reduce the bullwhip effect
at the manufacturer because firstly, it eliminates one layer of decision making and it also eliminates delay
and error in information flow at the manufacturer.
After interviewing the agents in the supply chain, the structure of a supply chain network, the level of
information sharing and the operational efficiency of each supply chain unit cannot be changed. However,
the contributions of distributions can be adjusted by a manufacturer to generate orders to fill distributors
stocks every day. The second step is to match contributions of supply chain units along the supply chain.
The results are shown in Table 2 while the suggestions to reduce such an effect are as follows:
The results in Table 2 successfully show that the bullwhip effect levels are significantly reduced. For the
distribution agent, the bullwhip effect can be reduced on the average by 89.75%. The main cause of the
bullwhip effect for this agent is the high number of order batch sizes. This is because company normally
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ships the products to its distributions approximately every three days with a big batch size. Therefore,
company should control distributors stocks by checking distributors stocks and shipping products to fulfill
their stocks every day. As a result, the products are shipped to each distributor more frequently in smaller
batch sizes and the bullwhip effect levels are significantly decreased by over 90%. For the manufacturer
agent, the bullwhip effect can be reduced by an average of 25.00%. For Products A and B, the bullwhip
effect levels can be reduced by 31.46% and 7.78%, respectively. It is definitely worth noting that, the
bullwhip effect at the baseline stage of Product B (2.0762) is much better than Product A (6.0441) because
its contributions are more consistent with its customers (distributor agent). Thus, less reduction of bullwhip
effect for Product B is expected, which is calculated to be only 7.78%. Whereas, the percentage bullwhip
effect reduction achieved for Product A is more than Product B (31.46%) after matching contributions to
increase consistency along the supply chain.
Finally, the bullwhip effect for material can be reduced by 35.76% by reducing the order batch size which
matches to the production demands. However, the supply chain agents should keep searching for further
initial solutions to reduce the bullwhip effect by improving the structure of the supply chain network, level
of information sharing, operational efficiency of supply chain units and contributions of supply chain units.
After the new initial solution is set, users repeat a bullwhip reduction process by matching contributions of
supply chain units along the supply chain to search for a new set of optimum contributions for each supply
chain unit.
Table 2: The reduction of total bullwhip effect through the supply chain.
Agent

Item

Baseline

Reduced

Reduction %

Reduction Average %

Distributor 1

Product A

21.4750

2.0745

90.34

89.75

Product B

25.2390

2.7763

89.00

Product A

25.4947

2.8554

88.80

Product B

14.9221

1.6026

89.26

Distributor 3

Product A

25.4230

2.2372

91.20

Product B

14.7456

1.4893

89.90

Manufacturer

Product A

6.0441

4.1423

31.46

Distributor 2

Product B

2.0762

1.9147

7.78

Material

3.7309

2.3968

35.76

25.00

6 Conclusion
This paper presented a simulation model based on a system dynamics approach for
quantifying and reducing the bullwhip effect in a multi-product, multi-stage supply chain.
The flexibility of this proposed model allows users to model various types of ordering
policies which are basic inventory policies, material requirement planning system and just
in time approach. The proposed model is comprised of three groups of variables
influencing the bullwhip effect, namely the structure of a supply chain network, supply
chain contributions and supply chain performances. In addition, this research also
implemented adaptive network based fuzzy inference system as a function approximator
in a proposed generic simulation model which is based on a system dynamics approach
to increase accuracy for modeling soft variables. The supply chain of a company was
selected to successfully validate and demonstrate the flexibility of the proposed model.
The results showed that the findings of the proposed simulation model are consistent with
the results obtained from the case study. In addition, the bullwhip effect levels were
significantly decreased by using the proposed simulation model.
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