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Abstract  
 

Considering the importance of inventory management in the pharmaceutical industry, especially during the Covid-19 pandemic, this paper 

investigates a five-echelon pharmaceutical supply chain including component suppliers, manufacturers, retailers, distributors and 

consumers in order to identify various variables of the inventory management systems and analyze their behavior. Conducting the research, 

first, based on the reviewing the literature, 29 drivers of bullwhip effect (BWE) in supply chain were extracted. Next, systems dynamics as 

a powerful approach for modeling complex systems, especially supply chains, is applied to simulate the dynamics of the pharmaceutical 

supply chain. So, the interactions of the main variables of the system were translated to the dynamic hypotheses and constitute the causal 

loop diagram. Then, stock and flow diagram was formulated in form of the differential equations. To validate the proposed model, some 

structural and behavioral validation test were implemented which indicated model’s accuracy. Finally, 4 potential scenarios based on the 

extent of improvement in information quality, safety stock and lead time were developed and manipulated to analyze their effects on 

inventory gap, as the main indicator of BWE. The results indicate that the best scenario for the component supplier and manufacturer is 5% 

increase in the information quality, 10% increase in the safety reserve and 5% decrease in lead time. While for the medicine distributor and 

medicine retailer; 5% increase in information quality, 5% increase in the safety reserve and 10% reduction in lead time, minimizes stock 

gap in the shortest time. 
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1. Introduction  
  

A supply chain is a network of suppliers, manufacturers, 

distributors, retailers, and customers that are connected by 

information, financial and material flows and converts 

raw materials and components into finished products that 

are shipped to the customers (Costantino et al., 2015a; 

Costantino et al., 2016; Shaban et al., 2018; Hu, 2019). A 

supply chain should be adequately planned and managed 

to match demand and supply at the lowest cost 

(Costantino et al., 2016). The efficiency of supply chain 

systems typically depends on management decisions and 

coordination, which has become a complicated challenge 

to overcome in the complexity and turbulence of the 

supply chains in new business environment (Hu, 2019). 

Demand variability, particularly in the upstream echelons, 

has a considerable effect on the efficiency and 

effectiveness of the supply chain. Due to the inventories’ 

importance in economic activities and their important role 

in understanding the business processes, and prediction 

and coordination of inventory management components, 

inventory fluctuations which have different mechanisms 

in every supply chain, are intensively studied in the 

literature (Hu, 2019; Pastore et al., 2020b). It could be 

found that moving toward upstream in the supply chain, 

demand fluctuation tends to increase (Pastore et al., 

2020). This amplification (called Bullwhip effect) has a 

great impact on performance of supply chain, because 

upstream supply chain participants are misinformed about 

the demand nature. This misinforming has a significant 

impact on supply chain performance and can lead to 

undesirable outcomes such as high forecasting error, 

inventory surplus, inefficient use of production capacity, 

low service level, uncertain production planning, 

difficulty in forecasting policy and scheduling programs, 

and poor supplier/customer relationships and more (Duc 

Tai et al. 2019; Pastore et al., 2020; Aslani Khiavi and 

Skandari Dastghiri, 2021). Indeed, BWE is one of the 

basic obstacles to achieve coordination in supply chains 

and reduction of this phenomenon has an important role in 

supply chain harmony (Sadeghi, 2014). 

There are considerable researches of inventory-related 

theory that minimize the inventory costs in simple 

inventory systems but when these optimal practices are 

applied together in a supply chain system, they create the 

bullwhip effect (Fig. 1), that is, order variability is 

amplified as moving up the supply chain (Costantino et 

al., 2015b). This phenomenon takes place by a similar 

pattern to bullwhip oscillation. When a bullwhip is 

shaken, the fluctuations grow as it gets closer to the end  

of the whip (Kadivar and Akbarpour Shirazi, 2018). 
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Fig. 1. Demand variability in supply chain 

The Bullwhip Effect, through which the supply chain 

amplifies the variability of orders as they pass through the 

various echelons of the system, is a popular phenomenon 

in the operations management discipline due to its costly 

implications in production and distribution systems (Ponte 

et al., 2020a). Bullwhip effect is caused by fluctuations in 

data or information which is supplied to companies that 

are further up the supply chain. The fluctuations in 

information or distorted data leads to inaccurate demand 

forecasting by companies’ factors contribute to the 

bullwhip effect such as lead-time, type of inventory 

policy, and information on demand forecasting (Kumara 

et al., 2020; Ghaffari et al., 2014). 

On the other hand, supply chain’s BWE causes to increase 

in production costs of downstream and upstream 

echelons, and also cause to the loss of resources (Zhou et 

al., 2019). Therefore, both supply chain practitioners and 

researchers have been interested in learning the reasons 

for and solutions to lessen the effects of this phenomena 

(Duc Tai et al. 2019). See Wang and Disney (2016) and 

Pastor et al. for more details (2019). 

Over the years, a significant number of researches and 

techniques such as the control theory including 

simulation, mathematical, and statistical techniques have 

been utilized to measure the bullwhip effect in supply 

chain (Aslani Khiavi and Skandari Dastghiri, 2021). 

Despite the number of researches conducted for reducing 

BWE, there is still a considerable gap for improvement. 

Iran manufacturing industries especially pharmaceutical 

industry face material constraints in their supply chains in 

the past years due to the sanctions and extraordinary 

usage in the COVID 19 pandemic. The COVID-19 

pandemic caused to the bullwhip effect (BWE) in the 

global scale and influenced economy of all the countries 

in the world. It has been the most essential challenge since 

the 2nd world war, which disrupted interactions among 

global supply chains’ players (Scarpin et al., 2022). These 

may negatively impact on order and holding costs of 

inventory. Therefore, the need to study the factors 

affecting inventory management and bullwhip effect in 

the supply chain to reduce demand shortages, surpluses 

and fluctuations of medicines as strategic products which 

are related to human lives is an undeniable necessity. 

According to statistics of Iran health ministry, 

pharmaceutical and related costs in Iran account for about 

30% of the total cost of health care system and about 50% 

of the cost of outpatient health care, so medicine is of 

special importance in the health system 

There are many research areas on BWE in supply chain 

management during the last decade time, but the present 

study contributes to the literature as following: 

 Among the studies focused on demand 

fluctuations, never paid to COVID 19 pandemic 

in a system dynamics model. 

 The pharmaceutical supply chains which 

experience large product fluctuations in all of the 

world, are not considered from the inventory 

management perspective and any research is 

made to reduce their BWE in the under 

developed countries 

 A few researches in the BWE literature 

empirically investigated supply chains with 4 

echelons.  

Motivated by the current literature, this paper intends to 

investigate the impact of various variables on the 

bullwhip effect in the four-echelon supply chain including 

Retailers, Distributors, Manufacturer, and Suppliers. 

Researches on the BWE are classified into six categories: 

(i) quantification of the bullwhip effect, (ii) identifying 

the causes of the BWE, (iii) observing the bullwhip effect 

empirically (iv) reducing the bullwhip effect, (v) 

simulating the system behavior and (vi) on experimental 

validation of the bullwhip effect. In this study, system 

dynamics methodology is utilized in the simulation 

process and scenario analysis to reduce bullwhip effect to 

provide an in-depth understanding of BWE causes and 

their behaviors. This study also examines the sanctions 

effect on supply chain performances in term of BWE. The 

reminder of the paper is organized as follows. Section 2 

presented the essential concepts on BWE together with an 

overview on the literature about this phenomenon. The 

research methodology is described in Section 3. Section 4 

illustrates the findings of simulation process. Finally, 

conclusions and insights for further research are presented 

in Section 5. 

 

2.  Literature Review 

Bullwhip effect was first introduced by Forrester (1958; 

1961). He was the first scholar who discussed its causes 

and possible remediation in context of production-

distribution system using “industrial dynamics” approach 

(Goodarzi and Farzipoor Saen, 2020). Then, Sterman 

(1989) illustrated this effect through a well-known, role-

playing simulation known as the “beer game” at MIT and 

showed that the irrational behavior of players and 

misconceptions about demand information can induce 

BWE (Kadivar and Akbarpour Shirazi, 2018). Since then, 

many researchers have studied the bullwhip effect both 

from empirical and analytical standpoints, modelling this 

phenomenon, understanding its influencing factors and 

looking for possible remedies (Pastore et al., 2020). In 

addition, extensive research has been conducted to 

investigate the causes of the bullwhip effect and to 

propose mitigation and avoidance solutions for this 

problem. In the last two decades, different efforts to 

explain and reduce the BWE have emerged and continue 

to grow (Wang and Disney 2016). This subject has been 

examined in many empirical and theoretical researches. 

Particularly, several authors identified the bullwhip 

effect's prevalence in actual businesses, and provided 
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insights into the primary factors amplifying demand 

fluctuation (Pastore et al., 2020). The bullwhip effect's 

most recent studies are mentioned in the following. 

Shabany Moghadam and Fazel Zarandi, (2022) suggested 

a new agent-based structure to facilitate the cooperation 

and coordination among major components of a four-

echelon supply chain and manage the dynamics of BWE. 

Aslani Khiavi and Skandari Dastghiri (2021) proposed a 

model of Inverse Network DEA, to measure the relative 

magnitude size of the bullwhip effect, when a series of 

uncertain demands are made in a specific time interval. 

The results show that time is an unfair factor in the size of 

the bullwhip effect. The findings indicate that cross-

sectional planning is possible at different times according 

to different conditions. Ponte et al. (2020b) explored the 

impact of quantity discounts on the dynamic behavior of 

production and distribution systems by studying key 

operational and economic metrics. In a three-echelon 

supply chain, they revealed that the discount generally 

increases the bullwhip effect, which especially harms the 

manufacturer. The discount also reduces the retailer’s 

purchase costs, but increases its inventory- and capacity-

related costs. Mirab Samiee et al. (2020) investigated the 

role of demand forecasting accuracy on the amount of the 

bullwhip effect-related cost, taking an intervened demand 

process with stochastic perturbations into account. They 

conducted a simulation study on a two-echelon supply 

chain to investigate the association between forecasting 

accuracy and the bullwhip effect-related cost. Zhu et al. 

(2020) investigated affecting factors on bullwhip effect in 

the oil and gas supply chain using case study evidence 

from six companies in North America. Regarding the 

factors that drive or mitigate the bullwhip effect in 

different types of companies in the oil and gas supply 

chain, seven propositions are developed and several 

additional findings are obtained. Pastore et al. (2020) 

studied a two-echelon single-product supply chain with 

final demand distributed according to a known AR (1) 

process but with unknown parameters. The results show 

that the bullwhip effect is affected by unknown 

parameters and is influenced by the frequency with which 

parameter estimates are updated. Michna et al. (2020) 

quantified the bullwhip effect when both random demands 

and random lead times are estimated using the industrially 

popular moving average forecasting method. They 

obtained an expression that reveals the impact of demand 

and lead time forecasting on the bullwhip effect. they 

draw a number of conclusions on the bullwhip behavior 

with respect to the demand auto-correlation and the 

number of past lead times and demands used in the 

forecasts. To better understand the Bullwhip Effect in 

closed-loop systems. Ponte et al. (2020a) obtained 

expressions for the order and inventory variance 

amplification in four archetypes that differ in the structure 

of information transparency. They proved the existence of 

an optimal return rate, and derived its expression in the 

four closed-loop supply chain archetypes. The optimal 

rate is dependent on the node’s cost structure, the lead 

times, and the variability of demand. Dominguez et al. 

(2020) analyzed the bullwhip effect and inventory 

performance of a multi-echelon closed loop supply chain 

with variable remanufacturing lead times under different 

scenarios of return rate and information transparency in 

the remanufacturing process. The results showed that 

ignoring such variability generally leads to an 

overestimation of the dynamic performance. They 

observed that enabling information transparency generally 

reduces order and inventory variability. 

Zhou et al. (2019) proposed an optimization model of 

time-of-use pricing for the user-side microgrid from the 

perspective of power supply chain management. The 

objective of their model was to minimize the total cost of 

the power supply chain and optimize the charging-

discharging behaviors of end-users. The results indicates 

that optimal time-of-use pricing can support the charging-

discharging behaviors of residential users and reduce the 

cost of the entire electric power supply chain. Dominguez 

et al. (2019) investigate the dynamic behavior of a closed-

loop supply chain with capacity restrictions both in the 

manufacturing and remanufacturing lines. Based on the 

findings, capacity constraints in both remanufacturing and 

manufacturing lines can be adopted as a fruitful bullwhip-

dampening method, even if they need to be properly 

regulated for avoiding a reduction in the system capacity 

to fulfil customer demand in a cost-effective manner. 

Pastore et al. (2019) identified the bullwhip effect in a 

European automotive spare parts chain with the aim of 

shedding some light on how demand variability 

propagates in different groups of products. The results 

showed that the bullwhip effect is larger for fast moving 

products rather than for slow movers. Gaalman et al. 

(2019) studied the relationship between lead times and the 

bullwhip effect produced by the order-up to policy. The 

results indicate that a positive demand impulse response 

leads to a bullwhip effect that is always increasing in the 

lead time when the order-up-to policy is used to make 

supply chain inventory replenishment decisions. By using 

the zeros and poles of the z-transform of the demand 

process, we reveal when this demand impulse is positive.   

Lin et al. (2019) established a system dynamics model, by 

taking the multi-echelon hybrid supply chain for a 

logistics equipment company in China. They analyzed the 

oscillation characteristics of service flow and product 

flow and proposed the performance metrics of bullwhip 

effect in multi-echelon hybrid supply chain. They found 

that bullwhip effect of multi-echelon hybrid supply chain 

could be smoothened by incorporating forecast smooth 

factor, control percentage coefficient and order lead time. 

Nakade and Aniyama (2019) analyzed the bullwhip effect 

of weighted moving average forecast under stochastic 

lead time. Under a general setting they expressed a 

performance measure on bullwhip effect theoretically. 

Numerical results give effects of parameters of 

forecasting and the lead time distribution on the bullwhip 

effect. Ojha et al. (2019) used simulation to investigate 

the impact of information sharing on both the Bullwhip 

Effect (BWE) and the Order Fulfillment Performance 

(OFP) in a multi-echelon supply chain system. The results 

indicate that using information sharing to coordinate 

orders in the supply chain generally reduces the negative 
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effects of the bullwhip effect. In addition, the information 

type has the opposite impact on managing the bullwhip 

effect.  

Kadivar and Akbarpour Shirazi (2018) investigated the 

measure of the bullwhip effect in three different supply-

chains; (I) with a central warehouse, (II) with a cross-

docking system, and (III) without any distribution systems 

to discover which supply chain helps reduce the bullwhip 

effect more. It was found that factors such as lead time, 

market share of each retailer, autoregressive coefficient 

and moving average parameter contribute to the selection 

of the most effective distribution system. Braz et al. 

(2018) compared the causes and mitigating factors of the 

bullwhip effect in forward supply chains and closed-loop 

supply chains. To this end, they employed a systematic 

literature review that combines bibliometric and content 

analyses. The studies examined indicate that the causes of 

the bullwhip effect in closed-loop supply chains are 

similar to those in forward supply chains. Regarding 

mitigation, they found that the primary mitigating factor is 

related to increasing the product return rate. Zhao et al. 

(2018) employed a simulation method model to explore 

the effect of single strategy and combined scenarios on 

mitigating bullwhip effect (BE) in three-echelon SC. 

Novel scenario simulation is designed to stimulate 

recovery activities of electronic waste, decrease solid 

material depletion and promote clean production. Results 

show that positive recovery activities are optimal solution 

in green SC among single strategies; simulated scenarios 

alleviate the BE largely especially the combination of 

higher recovery ratio and information transparency 

reinforcement.  

Ponte et al. (2017) studied the interaction between four 

widely used inventory models in five different contexts 

depending on the customer demand variability and the 

safety stock. The results show that the concurrence of 

distinct inventory models in the supply chain may 

alleviate the generation of inefficiencies derived from the 

Bullwhip Effect. The experiments via an agent-based 

system proved to be a powerful and risk-free approach for 

business exploration and transformation. Wang and 

Disney (2017) investigated the amplification of order and 

inventory fluctuations in a state-space supply chain model 

with stochastic lead-time, general auto-correlated demand 

and a proportional order up-to replenishment policy. They 

identified the exact distribution functions of the orders 

and the inventory levels. We give conditions for the 

ability of proportional control mechanism to 

simultaneously reduce inventory and order variances. 

Minner and Transchel (2017) analyzed the impact of 

perishability on order variability and the bullwhip effect 

in supply chains and proposed a dynamic ordering policy 

for the upstream supply stage, taking into account 

negative correlation of retailer orders between periods. 

Ma and Bao (2017) investigated the impact of retail prices 

variability in the two-echelon supply chain on the 

bullwhip effect. The results indicate that it’s inadvisable 

to conduct large fluctuation on price. Besides, demand 

dates that are more historical may actually reduce the 

bullwhip effect. We also find that the bullwhip effect will 

be bigger when the competition becomes fiercer. Sy 

(2017) used the system dynamics modeling to examine 

the effects of integrating product returns and recovery 

options to the traditional downstream flow in the 

production-distribution system. The recovery options of 

remanufacture, cannibalization and refurbish were found 

to have the most significant effects to the resulting degree 

of bullwhips and inventory variances. 

Costantino et al. (2016) evaluated and compare the 

smoothing OUT with the traditional OUT, both integrated 

with the Holt-Winters (HW) forecasting method, in a 

four-echelon supply chain. The results show that the 

smoothing OUT replenishment rule is superior to the 

traditional OUT, in terms of the bullwhip effect, inventory 

variance ratio and average fill rate, especially when the 

seasonal cycle is small. Dai et al. (2016) developed an 

analytical model to systematically investigate the 

relationships between the bullwhip effect, information 

distortion and supply chain costs with different levels of 

information quality. Based on the results the bullwhip 

effect is magnified along the chain when higher-quality 

information on inventory shrinkage, but the magnification 

of the bullwhip effect does not necessarily result in higher 

costs. They demonstrated that higher-quality information 

increases the benefits of information sharing. Wang and 

Disney (2016) reviewed the bullwhip effect literature 

which adopts empirical, experimental and analytical 

methodologies. Assumptions and approximations for 

modelling the bullwhip effect in terms of demand, 

forecast, delay, replenishment policy, and coordination 

strategy are considered. Ghaffari et al. (2014) proposed a 

model using differential equations to study BWE in a 

supply chain network with multiple retailers and 

distributors. For reducing the bullwhip effect, they 

proposed a robust control method and an inventory 

replenishment policy. Table 1 summarized the recent 

researches on BWE. 

Despite this consistent body of knowledge concerning the 

bullwhip effect in supply chains, few studies have 

investigated the reduction of bullwhip effect phenomenon 

in a four-echelon supply chain, in the pharmaceutical 

industry and in the presence of Covid 19 and sanctions. 

This paper addresses the propagation of demand 

variability, contributions investigating other approaches 

are not reviewed in the following. The same holds for the 

contributions related to other causes of the bullwhip and 

make some scenarios to diminish its effect. So, this 

research gives substantial insights into its causes and 

potential mitigating actions. Still, none of the studies 

mentioned above are considered these contributions. This 

is the gap this research aims to fill. 
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Table 1 
Recent studies on BWE in supply chains 

Research Method Case Study Objective SC 
Ech

elon 
Main Variable 

Malekinejad et al. 

(2022) 

ISM, SEM Automotive 

engine oil 

industry 

Reducing BWE CL - 10 factors 

Scarpin et al. (2022) Regression 

models 

Airline industry investigate the effect of the 

COVID-19 crisis on the BWE 

and ripple effect 

- - Centrality, Finance 

proxies (Leverage ratios 

and Solvency ratios) 

Giri and Glock (2022) ARMA Manufacturing/r

emanufacturing 

industry 

Effect of order-quantity 

batching on the performance 

CL 3 Price of the product 

Shabany Moghadam 

and Fazel Zarandi 

(2022) 

ABM,  

Game theory 

NA Facilitating cooperation and 

coordination among SC 

components  

- 4 Information sharing 

Yang et al. (2021) Literature 

review 

NA Investigating Behavioral and 

psychological factors 

- - Social interaction, 

individual traits and 

emotion 

Hosseini Bamakan et 

al. (2021) 

Fuzzy 

cognitive 

map 

Pharmaceutical 

industry 

Bullwhip Effect Reduction - - 13 Factors 

Ponte et al. (2021) Simulation NA Effect of price and lead time 

on BWE 

CL 2 Price, lead time and 

batching 

Nguyen et al. (2021) Simulation,  

Regression 

analysis 

 

Hard goods 

retailer 

 

Connecting all SC upper tiers 

to the storefront  

- 3 Historical average 

demand, demand 

estimates, lead time 

Ponte et al. (2020a) MOP Manufacturer 

of military 

optical products 

Studying the impact of 

information transparencies, 

return rates, and lead time on 

performance 

CL 4 Information 

transparencies, return 

rates, and lead time 

Zhu et al. (2020) NA Oil and gas 

supply chain 

 

Exploring factors that impact 

BWE 

- 4 Storage capacity, 

demand forecasting, 

long-term contracts  

Mirab Samiee et al. 

(2020) 

Simulation NA Demand forecasting - 2 Demand Forecasting 

Ponte et al. (2020b) Simulation NA Quantity discounts - 3 Quantity discounts 

Pastore et al. (2020) AR NA Demand distribution - 2 Demand parameter 

uncertainty 

Michna et al. (2020) Moving 

Average 

NA Quantifying the bullwhip - - Lead times 

 

Goodarzi and 

Farzipoor (2020) 

DEA Pharmaceutical 

industry 

Bullwhip effect evaluation - 2 Efficiency 

Dominguez et al. 

(2020) 

Simulation/ 

ANOVA 

NA Inventory performance CL 3 Lead time, return rate 

and information 

transparency 

Zhou et al. (2019) Simulation Power 

Generation 

System 

Minimizing the total cost and 

optimizing the charging-

discharging behaviors of end-

users. 

- - Energy Cost 

Dominguez et al. 

(2019) 

Simulation NA Investigate the dynamic 

behavior of SC 

CL - Capacity restrictions 

Pastore et al. (2019) Regression spare parts 

industry 

Analyzing demand variability 

propagations 

- 5 Demand variability 

Gaalman et al. (2019) ARMA NA Lead Time variability - - Lead time 

Lin et al. (2019) System 

dynamics 

Logistics 

equipment 

company 

Performance metrics of 

bullwhip 

Hyb

rid 

4 Forecast smooth factor, 

control percentage and 

order lead time 

Hu (2019) Differential 

equations 

NA Investigating BWE in supply 

chains  

- - Delivery delays 

 

Nakade and Aniyama 

(2019) 

Moving 

Average 

NA BWE forecasting - - Lead time 

https://www.sciencedirect.com/topics/engineering/automotive-engine
https://www.sciencedirect.com/topics/engineering/automotive-engine
https://www.sciencedirect.com/topics/engineering/systematic-literature-review
https://www.sciencedirect.com/topics/engineering/systematic-literature-review
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Research Method Case Study Objective SC 
Ech

elon 
Main Variable 

Ojha et al. (2019) Simulation Managing order 

fulfillment 

Investigate the impact of 

information sharing on BWE 

and order fulfillment  

- - Information sharing and 

information type 

Kadivar and 

Akbarpour (2018) 

ARMA NA Impact of different 

distribution systems on BWE 

- 4 Type of distribution 

systems 

Braz et al. (2018) Literature 

review 

NA Comparing the mitigating 

factors of the BWE 

CL - Many Factors 

Zhao et al. (2018) System 

dynamics 

Electronics 

industry 

Reducing BWE - 3 Electronic waste, solid 

material and clean 

production 

Ponte et al. (2017) ABM NA Interaction of Inventory 

Policies across the Supply 

Chain 

- 4 Inventory Policies 

Wang and Disney 

(2017) 

ARMA and 

Simulation 

NA Investigating the 

amplification of inventory 

fluctuations 

- - Lead-Time 

Minner and Transchel 

(2017) 

Simulation NA Analyzing the impact of 

perishability 

on order variability and BWE 

- 2 Inventory depletion, 

stock-out management, 

and service level 

requirement 

Ma and Bao (2017) Simulation Air 

conditioning 

Impact of retail prices 

variability on BWE 

- 2 price, market share, lead 

time, 

and autoregressive 

coefficients 

Sy (2017) System 

dynamics 

3 case studies Identifying effective policies 

for managing inventory, 

production and distribution  

- 3 Integrating product 

returns and recovery 

options 

Costantino et al. 

(2016) 

Holt-

Winters 

Simulation 

NA Investigating the impact of 

smoothing OUT on the 

seasonal SC performances 

- 4 Smoothing OUT 

replenishment rule 

Trapero and Pedregal 

(2016) 

Recursive 

estimation 

algorithms 

Chemical 

industry 

Analyzing potential 

metrics for measuring BWE 

- 3 A time-varying 

extension of the BWE 

metric 

Dai et al. (2016) Simulation NA examining the relationships 

among the BWE, information 

distortion and supply chain 

costs 

- 2 Inventory inaccuracy; 

Information quality 

Wang and Disney 

(2016) 

Literature 

review 

NA Reviewing BWE’s Progress, 

trends and directions 

- - BWE 

 

Khosroshahi et al. 

(2016) 

Moving 

average 

Pipeline supply 

chain 

Quantify the BWE - 3 Service levels 

Dominguez et al. 

(2015) 

Simulation, 

ANOVA 

 

NA Investigation the impact of 

SC structure on BWE 

 

- - Number of echelons, 

nodes and distribution of 

links 

Fu et al. (2015) Simulation NA Quantifying BWE - 4 ordering policy 

Udenio et al. (2015) System 

dynamics 

Manufacturing 

industry 

Analyzing the strong sales dip  - 1 Structural, operational, 

and behavioral  

This research System 

dynamics 

Pharmaceutical 

industry 

Reducing medicine shortage - 5 Information Quality, 

Safety Stock and Lead 

Time 

 

3.  Research Methodology 

This study employed system dynamics approach 

advocated by Forrester (1961) as a method to investigate 

the dynamic effects in large non-linear systems to model a 

5-echelon supply chain involves in component producer, 

manufacturer, distributor, retailer and Consumer, in the 

pharmaceutical industry in COVID-19 pandemic and 

evaluate different scenarios of reducing bullwhip effect. 

The computer simulation was implemented in Vensim 

PLE software. It is operated by a cause-and-effect 

feedback relationship in four variables (state variable, rate 

variable, auxiliary variable and constant variable) and five 

types of parameters (initial value, rate, constant, table 

function and auxiliary variable). parameter and initial 

conditions to quantify most variables and eliminate 

ambiguity. Bullwhip effect especially in pharmaceutical 

industry shows complicated, uncounted and changing. 
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Pure mathematics methods fail to express dynamic 

interactions and relevant system behavior. So, system 

dynamics modeling is appropriate for studying the 

bullwhip effect. A list of criteria that constitute BE is 

illustrated in Table 2. SD model has been widely adopted 

to model complicated systems. Furthermore, the applying 

SD model to describe BE is a new field of study. 

 
 
 
Table 2 
Derivers of the Bullwhip Effect 

References Indicator 

Lee et al. (1997), Zotteri (2013), Pastore et al. (2019) Purchase Cost 

Lee et al. (1997), Chen et al. (2000), Holland and Sodhi (2004), Hussain and Drake (2011), 

Li et al. (2014), Braz et al. (2018), Pastore et al. (2019), Zhu et al. (2020) 
Order Batching 

Brandimarte and Zotteri (2007), Zotteri (2013), Pastore et al. (2019), Dominguez et al. (2020) Inventory Class 

Chen et al. (2000), Li et al. (2014), Matamoros et al. (2011), Zhao et al. (2018), Pastore et al. 

(2019), Gaalman et al. (2019), Ponte et al. (2020a), Zhu et al. (2020), Dominguez et al. 

(2020), Ponte et al. (2020b) 

Lead Time 

Zotteri (2013), Pastore et al. (2019) Product Type 

Lee et al. (1997), Gavirneni (2006), Zhang and Burke (2011), Pastore et al. (2019) Promotions 

Ojha et al. (2019) Information Type 

Braz et al. (2018), Zhao et al. (2018), Ojha et al. (2019), Jiang and Ke (2019), Zhou et al. 

(2019), Goodarzi and Farzipoor Saen (2020), Ponte et al. (2020b) 
Information Distortion 

Ponte et al. (2020a), Dominguez et al. (2020) Information Transparency 

Chong (2013), Braz et al. (2018), Zhao and Zhu (2018) Structured Inventory Control Process 

Corum et al. (2014), Dominguez et al. (2015), Cannella et al. (2016), Zhu et al. (2017), Braz 

et al. (2018), Zhao et al. (2018), Ponte et al. (2020a), Dominguez et al. (2020) 
Return Rate 

Cheng (2009); Dominguez et al. (2020) Inventory Policy 

Zhao et al. (2018) Safety Stock 

Li et al. (2014), Zhao et al. (2018), Ponte et al. (2020b) Demand Quantity 

Zhao et al. (2018) Distribution Rate 

Zhao et al. (2018) Transportation System 

Li et al. (2014), Haines et al. (2017), Zhao et al. (2018), Pastore et al. (2019) Customer Demand Change 

Haines et al. (2017), Zhao et al. (2018), Ponte et al. (2020b) Order Backlog 

Haines et al. (2017), Zhao et al. (2018) Inventory Arrival Rate 

Braz et al. (2018) Number of Echelons 

Li et al. (2014), Braz et al. (2018) Rationing 

Li et al. (2014), Braz et al. (2018); Zhu et al. (2020) Shortage Game 

Lee et al. (1997), Chen et al. (2000), Li et al. (2014), Chong (2013), Trapero and Pedregal 

(2016), Braz et al. (2018), Zhu et al. (2020), Ponte et al. (2020b) 
Price Fluctuations 

Lee et al. (1997), Chong (2013), Zhu et al. (2020) Demand Forecast Updating 

Metters (1997), Chen et al. (2000), Chong (2013), Braz et al. (2018), Ponte et al. (2020b) Forecasting Error 

Lee et al. (1997), Chong (2013), Yuan and Zhu (2016), Ma and Bao (2017), Braz et al. 

(2018) 

Difference with Desired Inventory 

(Inventory Gap) 

Chong (2013) Monopoly of Marketing Channel 

Chong (2013) Stability of Supplier’s Quality 

Ponte et al. (2020b), Zhu et al. (2020) Quantity Discount 

Wang and Disney (2016), Zhu et al. (2020) Investment Accelerator Effect 

 

To verify the proposed model, we used two categories of 

validation tests, namely structural and behavioral tests 

including Model boundary, system behavior, sensitivity 

analysis and behavior reproduction which are the most 

important verification tests. Steps of simulation in system 

dynamics model is presented in Figure 1. 

 
Fig. 1. Steps to build a system dynamics model 

 

 

4.  Research Findings  

As previously discussed, the main objective of this 

research is to reduce demand amplification in the 

pharmaceutical supply chain. In this section, we will 

initially consider a 5-echelon supply chain model for the 

exposition of our supply chain model and BWE.  

4.1. Dynamic hypothesis 

The following are the casual-loop diagrams and their 

relevant dynamics hypothesis. First feedback loop shows 

the cause-and-effect relationships related to the 

component supplier of Sobhan-Darou Company. In the 

modeling the BWE, the lowest chain is the supplier of 

components (elements whose combination produce the 

medicine), the increase in demand components from 
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medicine manufacturers increases the production rate of 

component production, which leads to increase in 

production and inventory of the components. This 

inventory is reduced due to the transfer of component 

from the supplier to the medicine manufacturer. Increase 

in the component shipment to the manufacturer will 

increase the manufacturer’s received components and 

reduce its components demand. These relationships are 

displayed as Figure 2. 

 
Fig. 2. Cause and effect diagram of component supplier 

 

The manufacturer of medicine is the second part of the 

designed supply chain. As shown in Fig. 3; in the 

manufacturer's circle, the increase in medicine orders 

from distributors increases the production rate of 

manufacturer, which consequently increases the 

manufacturer's inventory. Medicine inventory is reduced 

due to the shipment of medicine from the manufacturer to 

the distributors. Increasing the transfer of the medicine to 

the distributors will increase the received medicine by the 

distributor s and decrease its demand.  

 
Fig. 3. Cause and effect diagram of Manufacturer 

Fig. 4 illustrates the cause-and-effect circles of distributor 

in pharmaceutical SCM. As shown in the Fig.; the 

distributor of medicine products is known as the third part 

of the supply chain. In the distributor's circle, the increase 

in medicine orders from retailers (pharmacies) leads to 

increase in the medicine received by the distributor, which 

consequently increases the distributor's inventory. The 

distributor's inventory is reduced by shipment of 

pharmaceutical products to retailers. Increasing the 

medicine shipment from the distribution company to the 

retailers increases the medicine received by retailers and 

reduces the demand for pharmaceutical products from 

them. These characteristics are shown through the 

mechanism of pharmaceutical products distribution. 

 
Fig. 4. Cause and effect diagram of distributor 

Fig. 5 shows the retailers’ causal loops diagram as another 

part of the supply chain. In the retailer circle, an increase 

in demand of customers (consumers) causes an increase in 

the amount of medicine received by retailers 

(pharmacies), which consequently increases the inventory 

of retailers. Drug inventory of retailers is reduced by 

selling medicine products to customers. Increasing the 

sale of the medicine to the customers will increase the 

received medicine by them and decrease the demand for 

the medicine. These characteristics are displayed through 

the mechanism of sale of pharmaceutical products. 

 
Fig. 5. Cause and effect diagram of retailer 

The following figure shows the cause-and-effect diagram 

of consumers in pharmaceutical SCM. As shown in Fig. 

6; In the proposed model, consumers (customers) are 

known as the fifth part of the supply chain. In the circle of 

consumers, the increase in prevalence of diseases, 

especially the Covid-19 pandemic, the quality of domestic 
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medicines, the price fluctuations of foreign medicines that 

are affected by sanctions and the prohibition of medicine 

import, will change the demand rate of domestic medicine 

by customers where effects on the consumption of 

domestic medicines. In addition, the Covid-19 pandemic 

caused some consumers shift from pharmaceutical 

products to herbal and non-chemical medicines, which 

reduced the demand of domestic medicines. These 

characteristics are displayed as below. 

According to the examined cause and effect diagrams 

(Fig. 2, 3, 4, 5 and 6) for 5 echelons in the pharmaceutical 

supply chain, that is; component suppliers, manufacturers, 

distributors, retailers (pharmacies) and customers, the 

overall cause and effect diagram of the research is 

developed as Fig. 7. 

 

  

Fig. 6. Cause and effect diagram of consumers 

 
Fig. 7. Cause and effect diagram of pharmaceutical SCM 

 

4.2. Stock and flow diagram 

This research uses parameters and variables that have 

widely studied and recommended for SD models to 

establish proper means for simulating supply chain 

behavior. According to the causal loop diagrams 

described in the previous section, the stock and flow 

diagram of the research model is shown in Fig. 8. This 

model consisted of 9 Constant, 5 stock variables, 9 flow 

variables and 56 auxiliary variables. 
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Fig. 8. Stock and flow diagram of pharmaceutical SCM 
 

4.3. Validity tests 

The model's validity is tested in terms of the congruency 
of its structure, components and elements with the real 

system. 

Structural validity tests. In this research, due to the 

inaccessibility to real data about some variables, three 

validation methods namely experts' judgments, model 

structure validation and model dimensions’ consistency 

have been used to validate model structure. (A) The 

boundary adequacy test examines the suitability of model 

boundaries based on its design purpose. In other words, 

the limits of the model must be in accordance with the 

purpose of its design and include all the factors and parts 

affecting the behavior of the investigated variable, and the 

definition of endogenous and exogenous variables should 

be in accordance with the objectives of the model. This 

aspect of model validation is qualitative and is possible 

through the study of diagrams and flow charts by experts. 

For this purpose, the state-flow diagram was explained to 

the research participants and the final model was 

confirmed. (C) Dimensions consistency test examines the 

correctness of the different variables included in the stock 

& flow charts that are related to each other through 

differential equations. The "Units are OK" message, 

appeared in the Vensim window while running the 

simulation which indicates the accuracy of the inputs, 

outputs and differential equations. (C) Model structure 

assessment test validates the completeness of the 

simulated model, and ensures all the defined variables are 

utilized in differential equations. Providing any error 

instead of the confirmation window in this section 

indicates the simulation is incomplete. In this case, 

Vensim software displays no error in simulation process.  

Behavioral tests. (A) Integration error test. This test aims 

to validate the consistency of model’s behavior. 

Therefore, in addition to the initial simulation of the 

model, another simulation was done in a limited time 

horizon and the results were compared for several main 

variables. Based on the results the behavior of the main 

variables is similar and the integration error can be 

ignored. (B) Behavior regeneration test. In this test, the 

behavior obtained from the simulation of the main 

variables is compared with their reference behavior, and if 

the error percentage is small, it can be claimed that the 

model has behavioral validity. For this purpose, we 

compare the results of the simulation of some variables 

with their predicted values using root mean square errors 

(RMSE). Empirically, it has been stated that to confirm 

the system's behavior, this index should be less than 0.1. 

Considering the number of variables in the model, for 

example, the value of the RMSE index of the 



Journal of Optimization in Industrial Engineering, Vol.16, Issue 1, Winter & Spring 2023, 105 - 118 

 

115 
 

manufacturer's stock has been calculated, which was 

equal to 0.04. (C) Sensitivity analysis. To evaluate the 

sensitivity analysis of the main variable, several 

exogenous key variables are selected and their effect is 

evaluated for two extreme values. SyntheSim sensitivity 

analysis is applied in this research which verified the 

model’s validity.  

4.4. Scenario analysis 

In the current research, 4 scenarios are considered 

according to the policies and facilities of each echelon. It 

is necessary to explain that the scenarios about the 

information quality, safety stock and lead time of the 

echelons have been proposed due to the availability of 

their data. Table 3 details these scenarios. 

Table 3  
Stock Gap of the SC echelons 

Scenario 
Information 

Quality 
Safety Stock Lead Time 

Base Run - - - 

Scenario 1 5 Percent ↑ 5 Percent ↑ 5 Percent ↓ 

Scenario 2 5 Percent ↑ 10 Percent ↑ 5 Percent ↓ 

Scenario 3 5 Percent ↑ 5 Percent ↑ 10 Percent ↓ 

 

In the Base Run scenario, the information quality, safety 

stock and lead time of the echelons is considered exactly 

same as the values of the simulated model. In scenario 2, 

it is assumed that the information quality will increase by 

5%, the safety stock will increase by 5%, and the lead 

time will reduce by 5%. In scenario 3, it is assumed that 

there will be 10% increase in the information quality, 5% 

increase in the safety stock, and 5% reduction in the lead 

time. Scenario 4 assumed that the information quality will 

increase by 5%, the safety stock will increase by 5%, and 

the lead time will be reduced by 10%. Fig. 9 shows the 

result of the scenarios in reducing the stock gap of 

component supplier, manufacturer, distributor and 

retailer.  

 
Fig. 9. Behavior of the stock gap for supply chain player 

According to the proposed 4 scenarios for the echelons of 

the supply chain and analyzing the results, it was found 

that the best scenario for the component supplier and 

Medicine manufacturer is a 5% increase in the 

information quality and a 10% increase in the safety 

reserve and a 5% decrease in lead time. While for the 

medicine distributor and medicine retailer, a 5% increase 

in the quality of information, a 5% increase in the safety 

reserve and a 10% reduction in lead time, minimizes stock 
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gap in the shortest time. It should be noted that the 

behavior of the variable in BWE comprises the delay 

concept which must be incorporated in modelling at 

different period time.  

5. Conclusion 

The establishment of supply chain management 

approaches is always associated with two basic features of 

integration and coordination of the components. The 

importance of this approach in recent decades have led 

researchers to concentrate on this field of study. In this 

research, after designing inventory management dynamic 

model and simulating it, the efects of change in the 

information quality, safety stock and lead time have been 

studied on inventory fluctuations of pharmaceutical 

industry. Haychen et al. (2000), Dejonkhar et al. (2004), 

Chartfield et al. (2004) and Chartfield and Pritchard 

(2017) also investigated the BWE and its drivers such as 

lead time, information sharing, and quality. According to 

their study, with the fixed reserve of each member of the 

supply chain, increasing changes in customer demand will 

increase the whip effect from downstream to upstream in 

the supply chain, but it will be accompanied by a decrease 

in the overall effect of the BWE whip. That is, if the 

safety stock increases by 5 units, it will reduce the 

changes in customer demand and the BWE of the whole 

supply chain. The variance of the final customer's demand 

is also increasing. This increase in variance is associated 

with an increasing trend as we move up the supply chain 

and go to the upstream. 

The suggestions for future studies are as follows: The 

reaction of the supply chain in the BWE is different based 

on different demand forecasting methods, which can be 

investigated as a subject of future research. 

It is suggested to pay attention to the issue of closedness 

of flows in the form of the concept of the closed-loop 

supply chain in the model. According to the results of this 

research, demand fluctuations at different echelons of the 

supply chain have on the evaluation of the BWE. it is 

suggested to implement integrated information systems in 

the entire chain and to share the information supply and 

capacity. According to the results of this research, the 

fluctuations of the safety stock at different levels of the 

supply chain have the greatest impact on the evaluation of 

the leather BWE, it is suggested to design the ordering 

system process. 
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