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Abstract 

Inventory replenishment rules have been recognized as a major cause of the bullwhip effect and 
inventory instability in multi-echelon supply chains. There is a trade-off between bullwhip effect and 
inventory stability where mitigating the bullwhip effect through order smoothing might increase 
inventory instability. Therefore, there is a substantial need for inventory control policies that can cope 
with supply chains dynamics. This paper attempts to formulate an inventory control system based on a 
statistical control chart approach to handle the trade-off between order variability amplification and 
inventory stability. The proposed replenishment system, namely IR-SPC, incorporates individual 
control charts to control both the inventory position and the placed orders. A simulation study has 
been conducted to evaluate and compare the IR-SPC with a generalized order-up-to that has order 
smoothing mechanism. The comparisons showed that the IR-SPC outperforms both the smoothing 
order-up-to policy and the Min-Max inventory policy in terms of bullwhip effect and inventory 
performances. 
(Received in June 2013, accepted in January 2014. This paper was with the authors 1 month for 2 revisions.) 
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1. INTRODUCTION 
 
In supply chains, the variability in the ordering patterns often increases as demand 
information travels upstream in the supply chain, from the retailer towards the factory and the 
suppliers (see Fig. 1). This phenomenon has been recognized as the bullwhip effect [1] and it 
has been observed in many industries [1-4]. Forrester [5] was mostly the first to study this 
problem using system dynamics and called it demand variability amplification. Other 
researchers developed simulation games to illustrate the bullwhip effect and its impacts in 
supply chains [6]. Towill et al. [7] indicated that the bullwhip effect could lead to stock-outs, 
capacity utilization problems, lower quality products, and considerable production/transport 
costs. 

Lee et al. [1] identified five fundamental causes of the bullwhip effect: demand signal 
processing, non-zero lead-time, order batching, price fluctuations and rationing and shortage 
gaming. Of our particular interest is the demand signal processing in which demand is 
forecasted using a forecasting method, and then a replenishment rule (inventory control 
policy) is applied to identify when and how much to order. Burbidge’s Law of Industrial 
Dynamics states that ‘If demand is transmitted along a series of inventories using stock 
control ordering, then the amplitude of demand variation will increase with each transfer’ [8]. 
Generally, the inventory control is a complex problem to address especially in multi-echelon 
supply chains where inventory managers must consider two important factors when making 
inventory replenishments [9]. First, a replenishment rule has an impact on order variability 
amplification (as measured by the bullwhip effect, i.e., the ratio of the variance of orders over 
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the variance of demand). Second, the replenishment rule has an impact on the inventory 
stability (as measured by the inventory variance ratio, i.e., the ratio of net inventory variance 
over the variance of demand). The bullwhip effect mainly contributes to upstream costs, while 
the variance of net inventory determines the stage’s ability to meet a desired service level in a 
cost-effective manner. This trade-off needs robust replenishment systems to balance the 
inventory and production costs whilst ensuring a customer service level [9]. Exhaustive 
research has been conducted to study the impact of various ordering policies on bullwhip 
effect, and to develop replenishment rules that can avoid the bullwhip effect [10-17]. In 
particular, extensive research has been focusing on developing smoothing ordering polices 
that are modified from the order-up-to policy with adding proportional controllers to restrict 
overreaction/underreaction to demand changes [17-20]. However, others have shown that 
decreasing the bullwhip effect largely might lead to increase the inventory variance and by 
collaborating in planning and replenishment both bullwhip effect mitigation and inventory 
stability can be achieved [9, 14]. 
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Figure 1: An example of demand amplification (bullwhip effect). 

There is a substantial need for inventory control policies that can handle the trade-off 
between bullwhip effect and inventory performance without major implementation effort [12]. 
In practice, inventory control systems usually operate in dynamic environments like multi-
echelon supply chains in which calculating the optimal ordering quantities, deciding the 
proper reordering point, choosing the right inventory reviewing policies, and managing the 
safety stock are simply not enough in the these environments. In contrast, the inventory 
control policies should be smart enough to monitor the internal and external variables and 
propose the appropriate changes when it is needed. This is the target of this research where we 
attempt to develop a replenishment rule that can cope with supply chain dynamics. 

Recently, the Statistical Process Control (SPC) which is used to detect unstable changes in 
processes has been employed to develop inventory replenishment policies for swiftly 
changing environments. Watts et al. [21] was mostly the first to employ a control chart 
approach for monitoring the performance of a reorder-point inventory system through 
monitoring stock-outs, demand and inventory turnover to identify the causes of system 
malfunctions. Pfohl et al. [22] developed a real-time inventory decision support system by 
employing the control charts for inventory level and demand along with a series of decision 
rules to help the inventory manager to determine the time and quantity to order. Cheng and 
Chou [23] extended the work of Pfohl et al. [22] by introducing the ARMA control chart for 
the market demand and the individual control chart with western electric rules for the 
inventory level. Lee and Wu [24] compared between traditional replenishment policies and 
SPC based replenishment policy and concluded that SPC based policy had shown better 
reduction in inventory variability than the traditional methods. With exception to Lee and Wu 
[24], the majority of the prior SPC work has considered a single echelon supply chain in order 
to evaluate the effectiveness of SPC ordering policies. Also, the previous work has neglected 
the effect of lead-time where they have assumed the immediate replenishments in their 
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models. Furthermore, the performance measures that have been used in the previous work did 
not consider supply chain dynamics (i.e., bullwhip effect and inventory variance) under SPC 
policies. Most recently, Costantino et al. [12] have considered the above research gaps and 
proposed a SPC-based inventory control policy to improve supply chain dynamics. This 
research extends and compares their SPC model with the generalized order-up-to policy. 

This research aims to develop a novel robust inventory control policy based on control 
charts to be used in dynamic and complex environments. A simulation methodology is 
adopted to conduct the study and to evaluate the performance of the proposed policy in a 
multi-echelon supply chain. Furthermore, a comparison will be conducted between the 
proposed policy and a generalized order-up-to policy in terms mainly of bullwhip effect, 
inventory performance and service level. The simulation results showed that the proposed 
policy performs better than the generalized order-up-to policy. 

The paper is organized as follows. The next section describes the formulation of the 
proposed inventory control system. Section 3 describes the supply chain model, the 
generalized order-up-to policy and the performance measures. Sections 4 presents the 
simulation results and analysis. The discussion and conclusions are provided in sections 5 and 
6, respectively. 
 
2. PROPOSED REPLENISHMENT SYSTEM 
 
The replenishment system, depicted in Fig. 2, employs two individual control charts for 
monitoring demand changes and controlling inventory position, respectively. The first control 
chart is devoted to monitor the customer demand to make the appropriate changes whenever a 
considerable change has been detected. In addition, the demand control chart is 
complemented with a number of decision rules to decide about the out-of-control situation 
and how much to order under different situations. This is working as a forecasting system for 
the future demand. This action is the first stream in the flowchart in Fig. 2 that determines the 
base order quantity. The base order quantity will then be added to the required adjustment for 
the inventory position in order to constitute the final order to place. 
 

  
Figure 2: IR-SPC replenishment system flowchart. 
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The second control chart is employed for monitoring and adjusting the inventory position. 
This control chart is used to identify whether the inventory position variable is in-control or 
not. In addition, this control chart is complemented with a number of decision rules to adjust 
the inventory position whenever it is needed. For example, if the current data point of 
inventory position is very low, then a decision rule will be needed to detect this situation and 
propose an amount of adjustment (inventory balance) to be added to the base order quantity. 
 
2.1  Control charts for the replenishment system 
 
A typical control chart is built based on the normality assumption and it generally consists of 
three basic elements: centreline that represents the average of the process variable, and lower 
and upper control limits [25]. If a process variable (e.g., customer demand process) is in-
control, then 99.73 % of the demand data will be within the lower and upper control limits. 
The type of control chart that will be used for both demand and inventory position is called 
the individual control chart in which the sample size is equal to one [25]. The control limits of 
the demand and inventory position control charts can be calculated as follows in Table I. 

Table I: Control charts calculations. 

Element Demand control chart Inventory position control chart 

Upper control limit ˆ3i i i
D D DUCL CL    ˆ3i i i

IP IP IPUCL CL    

Centreline 
1

1 t
i t
D i

t wii

CL D
w  

   i i i t
IP d t iCL L BO SS   

Lower control limit ˆ3i i i
D D DLCL CL    ˆ3i i i

IP IP IPUCL CL    
 
The term i

DCL  represents the centreline of the demand/incoming order control chart and is 
calculated based on the average of the last consecutive iw  data points. The i

DLCL  represents 
the lower control limit and is equal to the difference between i

DCL  and ˆ3 i
D  where ˆ i

D  stands 
for the demand standard deviation over the time length iw . The upper control limit i

DUCL  
equals the sum of i

DCL  and ˆ3 i
D . 

The centreline of the inventory position control chart is calculated based on the expected 
demand ( i

tBO ) multiplied by i
dL , and the product of this multiplication is added to a safety 

stock component ( t
iSS ). For simplicity, we extend i

dL  with ik  to account for the safety stock 
and thus the centreline is ( )i i i

IP d i tCL L k BO  . This is similar to the calculation of the order-
up-to level in the simple order-up-to policy as will be shown later. In this model and through-
out this study, we set ˆ ˆi i

IP i D   and for simplicity we set 1,    i i   , thus, ˆ ˆi i
IP D  . 

 
2.2  Demand decision rules 
 
The demand decision rules are dependent on the last observations on the control chart. This is 
working as a forecasting method. If the demand is in-control and no change in its level, then 
the base order quantity should be based on the centreline of the demand control chart. Other-
wise, if the demand is out-of-control, then the order quantity should be altered as follows. 
 

Rule 1: If iq  points of the last consecutive iQ  data points of incoming order are above a 
defined safety zone between ˆi i i

D D DCL K   and ˆi i i
D D DCL K  , then the base order quantity 

( i
tBO ) is calculated based on the average of the last in  data points as in eq. (1). 



Costantino, Di Gravio, Shaban, Tronci: Inventory Control System Based on Control Charts … 

267 

1

1,
t

i i i
t D t

t nii

BO Max CL IO
n  

 
  

 
  (1) 

 

Rule 2: If qi points of the last consecutive Qi data points of incoming order are below the 
defined safety zone, then the base order quantity ( i

tBO ) is calculated based on eq. (2). 
 

1

1,
t

i i i
t D t

t nii

BO Min CL IO
n  

 
  

 
  (2) 

 
Rule 3: If the above conditions (Rules 1 & 2) are not satisfied, then the base order quantity is 
set equal to the centreline of the demand control chart as shown in eq. (3). 
 

i i
t DBO CL  (3) 

 
2.3  Inventory position decision rules 
 
The inventory position decision rules depend on the last observation of inventory position 
( i

tIP ) which contains information about the net inventory ( i
tNI ) and supply line ( i

tSL ). We 
define a target range for the inventory position and thus if i

tIP  is within this range, then there 
is no need for inventory adjustment, otherwise, inventory adjustment should be added to i

tBO . 
 

Rule 1: If i
tIP  is above the upper limit of a safety zone ( i i i

IP IP IPCL K  ), then a negative 
inventory balance ( i

tInvb ) should be added to the base order quantity as shown in eq. (4). 
 

i i i i i
t IP IP IP tInvb CL K IP    (4) 

 

Rule 2: If the last observation, i
tIP , is below the safety zone ( i i i

IP IP IPCL K  ), then a positive 
inventory balance should be added to the base order quantity (eq. (5)). 

 
i i i i i
t IP IP IP tInvb CL K IP    (5) 

 

Rule 3: If the last observation, i
tIP , is within the safety zone (i.e., 

i i i i i i i
IP IP IP t IP IP IPCL K IP CL K     ), then there is no need for inventory balance: 0i

tInvb  . 
The final order ( 0i

tO  ) to be placed by echelon i at the end of time t should be equal to 
the sum of the base order quantity and the inventory balance as shown in eq. (6). 

 

 ,0i i i
t t tO Max BO Invb   (6) 

 
3. SUPPLY CHAIN MODELING AND SIMULATION 
 
We model a single product multi-echelon supply chain that consists of a customer, a retailer, a 
wholesaler, a distributor, and a factory to evaluate the IR-SPC policy (see Fig. 3). This model 
has been adopted widely in many similar investigations [15, 16]. It is assumed that all 
echelons have unlimited stocking capacity, both the supplier and the factory have unlimited 
capacity, and the lead-times are deterministic and fixed across the supply chain with ordering 
lead-time of one and delivery lead-time ( i

dL ) = 2. Each echelon i  can apply either the 
generalized OUT or the IR-SPC policy but all echelons in the supply chain will apply the 
same policy. 
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Figure 3: A multi-echelon supply chain. 

3.1  Generalized order-up-to policy 
 
The periodic review order-up-to (OUT) has been common in the bullwhip literature because 
of its optimality in terms of inventory variance and its popularity in practice [20]. A variation 
of this policy is used here to generate the historical data required to initiate the IR-SPC and to 
validate the effectiveness of the IR-SPC. In the simple order-up-to, at the end of each review 
period (R), an order i

tO  is placed whenever the inventory position i
tIP  is lower than a target 

level i
tS . The review period is considered to be equal to one (i.e., R = 1) for this model. The 

simple order-up-to policy can be represented mathematically as follows in eqs. (7-10). 
 

 ,0i i i
t t tO Max S IP   (7) 

1
i i i

t t tIP S IO


   (8) 
ˆi i i

t t tS LD SS   (9) 

1
1

1ˆ
mi

i i
t t j

ji

D IO
m  



   (10) 

 

The target inventory position i
tS  is calculated based on the demand forecast over the lead-

time. The moving average method (with the parameter mi) is employed to calculate the 
expected demand because of its popularity in research and in practice as well [13, 20]. In this 
model, we have considered the safety stock by extending the lead-time by ki [15, 18] so that 

i
tS  can be reformulated as shown below in eq. (11). This is similar to what we have done with 

the centreline of the inventory position control chart. 
 

ˆ( )i i
t i tS L k D   (11) 

 
It can be seen that the simple order-up-to has a rigid structure to allow order smoothing 

and therefore some authors have proposed to incorporate proportional controller in order to 
control the inventory position variation as shown in eqs. (12-13). In other words, an order 
quantity by the order-up-to can be decomposed into three parts: the demand forecast, the gap 
between target and actual inventory levels, and the gap between target and actual supply lines 
as shown in eq. (12). This replenishment rule can be modified by incorporating two 
proportional controllers for inventory and supply line errors as shown in eq. (13). 

 

ˆ( )i i i i i
t d i t t tO L R k D NI SL      

ˆ ˆ ˆi i i i i i i
t t d t t i t tO D L D NI k D SL      

(12) 

ˆ ˆˆ
i i i i i

i i d t t i t t
t t

L D NI k D SLO D
Tn Ts
 

    (13) 

 

The term ˆi i
d tL D  denotes the target supply line ( i

tTSL ), ˆ i
i tk D  denotes the target net inventory 

( i
tTNI ), and both Tn and Ts are the proportional controllers. This ordering rule has been 

proposed as a mitigation solution for bullwhip effect by controlling both Tn and Ts [17, 18]. 
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In this model, for simplicity, we consider Tn = Ts. Accordingly, the replenishment rule can be 
written in a general form in eq. (14) in which setting Tn = Ts = 1 turns the ordering rule into a 
standard order-up-to policy. The standard order-up-to is a special case of the Min-Max 
inventory policy in which both the maximum and minimum inventory levels are equal. 
 

ˆ ,0
i i i i

i i t t t t
t t

TNI NI TSL SLO Max D
Tn Tn
  

   
 

 (14) 

 
3.2  Performance measures 
 
The performance of the supply chain under the different ordering policies will be evaluated 
through quantifying the ordering and inventory performances across the supply chain. The 
ordering behaviour can be evaluated by estimating: average order level and total variance 
amplification (TVAi). The TVAi (bullwhip effect) is used to quantify the demand variance 
amplification across the supply chain [26]. The TVAi, as shown in eq. (15), can be estimated 
in terms of the ratio of orders variance divided by the corresponding orders average at echelon 
i  to the customer demand variance divided by the average demand [13, 18, 20]. 

 
2

2

/
/

O Oi i
i

D D

TVA
 

 
  (15) 

 
The inventory performance can be evaluated by estimating: average net inventory, 

inventory variance ratio, and average service level. The inventory variance ratio, as shown in 
eq. (16), represents the ratio of the actual net inventor variance ( 2

NIi
 ) to the customer demand 

variance [27]. 
2 2

i NI Di
InvR    (16) 

 

The average service level ( iASL ), as shown in eq. (18), quantifies the percentage of items 
delivered immediately by echelon i  for the order of echelon 1i   [28]. Service level ( i

tSl ) is 
computed over the effective delivery time (i.e., 0i

tIO  ) as shown in eq. (17), where i
tSR  

stands for the shipment from echelon i  to echelon 1i   at t , 1
i
tB


 stands for the initial backlog 
at echelon i  at t , and i

tIO  is the incoming order to echelon i  at time t . 

1
1

1

100 0

0 0

             

                                   

i i
i it t
t tii

tt

i i
t t

SR B if SR B
IOSl

if SR B








  

 
  

 (17) 

1

Teff i
tt

i
eff

Sl
ASL

T


   (18) 

 
4. SIMULATION RESULTS AND ANALYSIS 
 
A simulation model has been developed for the above supply chain model using SIMUL8. 
For all simulation experiments, the simulation model is run for 20 replications of 1400 
periods each. Each simulation run consists of four stages, the first stage is a warm-up period 
for the generalized order-up-to policy, and the second stage is the effective simulation run that 
the performance of the order-up-to will be collected over it. Then, another warm-period for 
the IR-SPC policy is considered, followed by an effective simulation run for the IR-SPC. 
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Both warm-up periods are set to be of the same length (i.e., 200 periods), and both effective 
simulation runs are also set to be of the same length (i.e., 500 periods). The customer demand 
pattern is assumed to follow the normal distribution with a mean of 100 and a standard 
deviation of 10. 
 
4.1  Comparing IR-SPC with smoothing order-up-to policy 
 
In this section, we compare IR-SPC with smoothing OUT in a multi-echelon supply chain. 
The parameters of the smoothing OUT are set to achieve the highest performance, in terms of 
bullwhip effect and inventory variance, by selecting a large value for the moving average 
parameter [13] as well as using recommended values for both the controller parameters [9] as 
follows: 1.618Tn  , 30im  , and 1ik  . The IR-SPC parameters are set as follows: 30iw  , 

2.0i
IPK  , 2.0i

DK  , 3iq  , 4iQ   and / 2i in w . The value of mi is selected to be equal to 
wi in order to make a consistent comparison with the IR-SPC. 

The results of a simulation run is presented in Fig. 4 in which the ordering and inventory 
performance of the factory under each ordering policy over the last 200 periods of the 
effective simulation run are plotted. We selected the factory as it is the highest level in the 
supply chain and thus the most exposed to the bullwhip effect [26]. The factory orders are 
compared to the customer demand whereas the factory inventory is compared to the 
distributor order. The IR-SPC policy shows a stable order rate over the simulation time with 
infrequent changes in comparison to smoothing OUT. Furthermore, the inventory level seems 
to be more smoother under IR-SPC. 
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Figure 4: The performance of the factory under both smoothing OUT and IR-SPC. 

The TVAi measure with 95 % confidence level, before and after applying the IR-SPC 
policy, is summarized in Table II. The results reveal that both the replenishment policies are 
successful to eliminate the bullwhip effect (i.e., TVAi < 1, ∀i). It can also be observed that the 
bullwhip effect under both replenishment policies is initially decreasing as orders moves from 
the retailer to the wholesaler and then increasing again in the upstream direction. However, it 
is clear that the IR-SPC realizes a lower TVAi throughout the supply chain compared to OUT. 
The major reduction in the bullwhip effect under the IR-SPC is achieved at the retailer which 
places orders with a variability less than 0.331 of the demand variability. Both of the policies 
stabilize at the same average ordering level (100 units). Although we selected heuristic values 
for the IR-SPC, it can be concluded that the IR-SPC outperforms the optimized order-up-to 
and thus applying IR-SPC allows the upstream echelons to save capacity costs. 
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The results in Table II show that both replenishment policies are successful to stabilize at 
the same average inventory level (~100), and the same average service level (ASLi = 100 %), 
throughout the supply chain. The IR-SPC can achieve a lower inventory variance ratio than 
the generalized order-up-to throughout the supply chain except at the retailer. The higher 
inventory variance at the retailer can be attributed to the higher level of orders smoothing at 
the retailer (TVAret = 0.331) whilst receiving demand of higher variability. This situation can 
be altered by reducing the width of the sensitivity (safety) zones on the demand and inventory 
control charts in order to make the IR-SPC policy more sensitive to demand and inventory 
changes. This is clarified in the sensitivity analysis section. 

Table II: Ordering and inventory behaviour in the supply chain under the different policies. 

Performance measure 
Smoothing order-up-to  IR-SPC policy 

-95 % Average 95 % -95 % Average 95 % 

Total variance amplification  
Retailer 0.59 0.603 0.61 0.31 0.331 0.35 

Wholesaler 0.49 0.505 0.52 0.30 0.326 0.35 
Distributor 0.51 0.534 0.56 0.35 0.382 0.42 

Factory 0.61 0.650 0.69 0.43 0.481 0.53 
Inventory variance ratio  

Retailer 3.53 3.68 3.83 5.08 5.33 5.57 
Wholesaler 3.90 4.11 4.33 3.78 4.11 4.45 
Distributor 4.77 5.09 5.42 4.22 4.66 5.10 

Factory 6.26 6.76 7.27 5.31 5.93 6.55 
 
4.2  Comparing IR-SPC with Min-Max inventory policy 
 
The traditional OUT is a special case of the Min-Max inventory policy in which the minimum 
and maximum inventory levels are the same. The Min-Max policy is very common in real 
applications since it is optimal in terms of the inventory costs. Therefore, we conduct a 
comparison between IR-SPC and Min-Max. The generalized OUT ordering rule presented 
above can be turned into Min-Max by setting Tn = 1 (see eq. (14)). Similarly, the IR-SPC can 
also be adapted into Min-Max by setting Ki

IP = 0. We consider the following simulation 
settings to conduct the comparison: Tn = 1, mi = 30, ki = 1, wi = 30, ni = 15, Ki

D = 2 and Ki
IP = 2. 

The results of a single simulation run that compares the factory performance under both 
ordering policies is presented in Fig. 5. The simulation results in Fig. 5 show that IR-SPC is 
superior compared to Min-Max, in terms of ordering and inventory stability over time. 
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Figure 5: The performance of the factory under both IR-SPC and Min-Max. 
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The quantitative comparison results, summarized in Table III, show that the IR-SPC 
policy outperforms the Min-Max in terms of the bullwhip effect across the supply chain. The 
bullwhip effect under Min-Max increases considerably from 1.30 at the retailer to 3.36 at the 
factory while the bullwhip effect under IR-SPC increases from 0.33 at the retailer to 0.48 at 
the factory. The IR-SPC shows a lower InvRi compared to the Min-Max except at the retailer. 
The results show also that the IR-SPC is independent from the initial data employed to run the 
policy since the supply chain performance under IR-SPC with the smoothing OUT policy is 
the same as when IR-SPC is applied with the Min-Max. 

Table III: A comparison between IR-SPC and Min-Max. 

Echelon 
Min-Max policy IR-SPC policy 

TVA InvR TVA InvR 
Retailer 1.30 3.50 0.33 5.33 

Wholesaler 1.75 4.68 0.33 4.11 
Distributor 2.40 6.41 0.38 4.66 

Factory 3.36 8.96 0.48 5.93 
 
4.3  Sensitivity analysis 
 
We investigate and compare the sensitivity of both replenishment policies to their operational 
parameters. In particular, the replenishment policies are evaluated and compared under 
various combinations of the forecasting and smoothing parameters. The IR-SPC is evaluated 
under two levels of i

DK  (forecasting parameter) combined with various levels of i
IPK  

(smoothing parameter), and compared with the OUT policy under two levels of mi combined 
with two levels of Tn, i.e., smoothing OUT ( 1.618Tn  ) and Min-Max (Tn = 1). The first 
comparison is conducted between ‘IR-SPC of 1i

DK  ’ and ‘OUT policy of 15i im n  ’, 
thus, both policies are more sensitive to the latest demand changes. The second comparison is 
the same but with decreasing the sensitivity of the policies to demand changes by setting 

30i im w   for OUT and 2i
DK   for IR-SPC. The simulation settings are kept the same as 

in the previous simulation experiments. The comparison results are depicted in Fig. 6. 
The results in Fig. 6 show that increasing the moving average parameter (mi) leads to a 

decrease in TVAi and InvRi with improving ASLi at all echelons. The same conclusions are 
valid for IR-SPC where increasing the level of i

DK  reduces its sensitivity to demand changes 
and thus reducing the bullwhip effect. It can be found that the IR-SPC with 0i

IPK   and 
1i

DK   has a better performance than the OUT with Tn = 1 and 15im   in terms of all 
performance measures which means that using the demand control chart has been successful 
to alleviate the impact of the forecasting parameter on the performance measures. The effect 
of the inventory position control chart becomes prominent as increasing the level of i

IPK  leads 
to a decrease in TVAi (at all echelons) and a decrease in InvRi at all echelons except at the 
retailer. The results also show that IR-SPC with 0i

IPK   and 2i
DK   achieve the same 

performance of the OUT with 30im   and Tn = 1. However, when a large value is selected 
for mi, increasing the smoothing level (Tn) leads to an increase in InvRi at the retailer while 
the inventory stability is improved at the upstream echelons. The same effect happens with 
IR-SPC with increasing the level of i

IPK  where the inventory instability increases at the 
retailer while decreases at the upstream echelons. 
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Figure 6: A sensitivity analysis of both IR-SC and OUT to forecasting and smoothing 

parameters. 

5. DISCUSSION 

 
This study has introduced a novel inventory control system (IR-SPC) that can be applied (in 
real-time) to control the ordering and inventory of supply chain echelons in a proper way. The 
IR-SPC incorporates two control charts to monitor and control the expected demand and in-
ventory position over time. The performance of the IR-SPC has been evaluated and compared 
with a generalized OUT in a multi-echelon supply chain, through a simulation study. 

The simulation results have shown that the IR-SPC has a superior performance compared 
to the smoothing OUT and Min-Max inventory policies, in the context of a traditional multi-
echelon supply chain. The results have also shown that the smoothing OUT policy is better 
than the traditional OUT (Min-Max) where the first policy can achieve a better coordination 
across the supply chain. The IR-SPC policy has been successful to overcome the effect of 
short-run fluctuations in comparison to the other inventory control policies. It has also been 
possible to smooth the orders variability by controlling the parameters of the inventory 
position control chart. It can be argued that the IR-SPC is a powerful tool to control the 
bullwhip effect across the supply chain without affecting considerably the inventory 
performance. Furthermore, the IR-SPC policy has a flexible structure to adapt into the 
traditional OUT policy. 

The IR-SPC has been evaluated in a traditional supply chain and therefore the study can 
be complemented by evaluating the policy in other supply chain models that allow 
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information sharing of customer demand. It is known that supply chain collaboration has a 
great impact on supply chain operations and currently many supply chains are equipped with 
technological tools that can allow information visibility and collaboration [14-16, 18, 19, 29]. 
 
6. CONCLUSIONS 
 
Inventory control policies have been recognized as a contributory factor to supply chain 
dynamics problems such as bullwhip effect and inventory instability. There is a trade-off 
between bullwhip effect and inventory performance where decreasing bullwhip effect would 
increase inventory instability. Therefore, there is a substantial need for inventory control 
policies that can cope with supply chains dynamics. Recently, control charts have been 
applied in the area of inventory control and showed a promising performance, however, their 
effectiveness in multi-echelon supply chains have not been evaluated. In this research, we 
formulated an inventory control policy (IR-SPC) that relies on control charts to monitor 
demand changes and control inventory position to be used in dynamic environments like 
multi-echelon supply chains. We built a simulation model for a four-echelon supply chain in 
order to evaluate the IR-SPC policy and to compare its performance with an optimized 
smoothing order-up-to and Min-Max inventory policy. The simulation results showed that the 
IR-SPC is comparable to and outperforms the other policies in terms of bullwhip effect, 
inventory variance ratio and average service level. The IR-SPC is generally able to eliminate 
the bullwhip effect without influencing the inventory performance at any of the supply chain 
echelons. The promising performance of the IR-SPC would motivate supply chain managers 
to select it or develop similar replenishment systems for controlling their inventory 
operations. However, further analysis is still needed to investigate the effectiveness of the IR-
SPC for other demand patterns and its sensitivity to lead time and other important parameters 
in supply chains. 
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