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Abstract- Due to the growing demand in product consumption, companies try to increase their profit by striving to achieve 
satisfactory production capacity under limited resources. This resource, so called “the bottleneck” causes inability of a system 
to respond to sudden changes in demand as a result of capacity restriction. Different controlling mechanisms have their own 
way to direct materials through the system as well as this bottleneck in which they can affect the speed of material flow. This 
study is aimed to improve existing systems and recommend important decision variables, which may influence the 
performance of the system under this restricted condition. Results from the study will reveal an interesting outcome, giving the 
best alternative for the production system under the bottleneck condition. 
 
Index Terms- Production controls system, Hybrid systems, Bottleneck process, Genetic Algorithm. 
 
I. INTRODUCTION 
 
Production control system is an essential method used 
to manage the production systems. It is directly toward 
planning and controlling the importance 
characteristics of material flows: how much of what 
materials flow and when. The performance of different 
production control systems has been studied by many 
researchers (Huang et al. (1998), Pettersen and 
Segerstedt (2009), Krishnamurthy et al. (2004), and 
Takahashi et al. (2005)). A distinction is frequently 
made between push and pull production control 
systems. Many people believe that pull systems 
controlled by Kanbans are better at reducing 
inventories since they try to eliminate queues while 
push systems controlled by Material Requirements 
Planning (MRP) encourage queues by means of safety 
stock to cushion operations and to increase machine 
utilization but a higher cost. There exist many attempts 
to define push and pull systems. Bonney et al. (1999) 
showed that the definitions of push and pull are 
inconsistent between different researchers and 
arguments about performance are sometimes circular, 
if the performance of a pull systems is poor then it may 
be suggested that this is because the fundamentals of 
Just-In-Time (JIT) are not being observed, whereas, if 
the performance of a push system is poor, then that is a 
consequence of it being a push system. Spearman 
et al. (1990) referred that a pull system does not 
schedule the start of jobs but instead authorizes 
production. In reality, both manufacturing and 
distribution systems contain elements of push or pull 
to varying degrees regardless of the identity of the 
system (Pyke and Cohen, 1990). The current shift 
toward the hybrid manufacturing environment is one 
of the major motivations for this study. Although there 
have been numerous MRP/JIT comparison or 
integration studies, not many researches has addressed 
the dynamics between these policies. This study 

examines, by means of simulation, the effect that these 
systems and their hybrid systems have on the system 
performance under the unbalanced condition. The 
great majority of previous studies of production 
systems have assumed that real production systems are 
either perfectly balanced or are nearly so (Powell, 
1994), this claim is not based on empirical evidence 
but on the assumption that unbalanced lines do not 
exist because they are less efficient than the balanced 
lines. However, in reality, there could be some points 
in the process that holds down the amount of product 
the process can produce. This causes inability of the 
system to respond to sudden changes in the demand as 
a result of capacity restriction. The question 
investigated in this study is how the system 
performance is affected by the flow of each policy’s 
controlling mechanisms under this constraint. 
 
II. LITERATURE REVIEW 
 
Bottleneck is defined as a point in the manufacturing 
process that holds down the amount of product that a 
system can produce (Browne et al., 1998). It causes 
inability of a system to respond to sudden changes in 
the demand as a result of the capacity restrictions. 
Even though undesirable, with limited financial 
budget, the bottleneck is difficult to avoid. Thus, 
alleviation of such problem requires not only explicit 
understanding of the entire processes, but also a 
powerful production control system. Powell (1994) 
provided a study of an unbalanced three-station serial 
line. Imbalances in both means and variances were 
considered. The study concluded that imbalances in 
means have a stronger effect than imbalances in 
variances so that when a line is unbalanced in both 
senses, one can consider that bottleneck with the 
unbalance in mean is more severe. Chiadamrong and 
Limpasontipong (2003) studied the relationship of 
bottleneck with the size and location of buffer 



International Journal of Mechanical And Production Engineering, ISSN: 2320-2092,  Volume- 3, Issue-7, July-2015 

A Comparative Simulation Study Of Different Production Control Systems Under The Unbalanced Condition 
 

38 

storages. 
Interest in bottleneck scheduling is a result of the 
development and aggressive marketing of a 
proprietary production scheduling system known as 
Optimized Production Technology (OPT) (Nahmias, 
1997). OPT or Drum Buffer and Rope (DBR) is based 
on Theory of Constraint (TOC) developed by Goldratt 
(1993). It focuses on identifying bottlenecks in a 
manufacturing process and intensively schedules the 
bottleneck resource to improve the system 
performance. Under the nine principles of OPT by 
Jacob (1984), better use of limited capacity is achieved 
by finite scheduling of the bottleneck and the use of 
increased processing batch size through those 
bottleneck resources.  Fox (1984) investigated main 
bottlenecks on the factory floor and tried to explain by 
the basics of OPT. A relatively new research trend 
associated with the push MRP and pull Kanban system 
is to explore the possibility of a hybrid system and to 
develop a model for the integrated system. The 
rationale behind these approaches is that both MRP 
and Kanban systems has its own unique advantages 
and disadvantages, and the advantages of both systems 
can be exploited to achieve better performance 
(Benton and Shin, 1998).  In addition, MRP and 
Kanban systems are compatible, and MRP must be 
considered a framework that can upgrade the JIT 
production more efficiently. CONWIP (CONstant 
Work In Progress) is a pull-oriented production 
planning strategy but it can also be classified as a push 
system as it is a combination strategy between the 
push and pull system (Spearman et al., 1990). The 
principle of CONWIP is to release raw materials into 
the production system according to the final product 
needed similar to the pull system while the material 
flow inside the system is operated by the push 
mechanism. A disadvantage of CONWIP is that 
inventory levels are not controlled at individual stages, 
which can result in high inventory levels building up 
in front of the bottleneck operation. Pull Kanban 
system and CONWIP have also been compared by 
many researchers. Both strategies have an advantage 
in a low level of inventory by controlling number of 
work in processes in the production system. However, 
this eventually can cause a high set up cost. Usually 
CONWIP performs better than Kanban system with 
lower set up and holding costs as CONWIP can 
manage its work-in-process level better (Takahashi et 
al. (2005)). Jodlbauer and Huber (2008) compared 
MRP, Kanban, CONWIP and DBR in terms of 
robustness and stability, their findings suggested that 
the most robust production control system is CONWIP. 
Other forms of hybrid systems have also been applied 
for comparisons. For example, hybrid production 
planning of Kanban/CONWIP and hybrid 
CONWIP/Pull are the plans that combine the concept 
of CONWIP with Kanban strategy for controlling the 
amount of work-in-process in the system (Bonvik et 
al., 2000). By applying CONWIP constraint in Kanban 
system, inventory in the system can be fully controlled. 

Geraghty and Heavey (2004) also compared a hybrid 
CONWIP/Pull system with a hybrid between push and 
pull system. Hybrid push/pull system operated with 
the strategy that combines the concept of push 
production system into pull production system, which 
applies when a product is taken away by customer 
demand or next process machine, the order to refill 
that taken product needs to be hold until its proper 
time to reduce holding cost. Their results showed that 
the hybrid CONWIP/Pull system yields better results 
under optimal safety and inventory levels. There are 
many operating parameters for each production 
control system. These parameters control the way each 
system operates. These parameters include batch size, 
number of Kanbans, offset time etc. Poor setting on 
them results in poor operating condition and 
eventually yields poor results. Due to the complexity 
of these systems, which include a number of if-else 
conditions, it is considered as NP-hard problems. 
Genetic Algorithm (GA) has been widely used in 
recent years by many researchers to overcome the 
drawbacks of the mathematical models (Chan and Hu, 
2001). Prasertwattana and Chiadamrong (2004) used 
GA to find optimal setting in a single manufacturer 
and multiple retailers’ case in a supply chain network. 
The concept of GA is based on natural selection 
procedures. In order to be in an environment, 
populations need to adapt themselves to fit surround 
environment. Who can develop themselves to fit more 
is the survival and lives on. Generally, GA algorithm 
is stemmed from two mechanisms, which are mutation 
and crossover. So, GA algorithm is the algorithm that 
duplicates the concept of natural selection to find 
various solutions from a set of decision variables, 
which are most fit to the problem. 
 
III. MODEL DESCRIPTION 
 
Seven production control policieswere introduced for 
comparison in aunbalanced line condition. They 
arepush system, MRP, Pull Kanban, CONWIP and 
DBR as well as two hybrid systems (CONWIP/MRP 
and MRP/CONWIP), which are created from a 
combination between more than one system from the 
previous traditional policies. Details of our interested 
policies can be explained as follows: 
1) Push system 
Push system operates based on pure customer demand. 
Total processing time or manufacturing lead time of 
each order is calculated by adding safety time to all 
processes’ set-ups and operation times for planning 
the starting time for releasing materials to the 
production line. Raw materials are then pushed 
through all processes until they become finished 
products.  
2) Material Requirements Planning (MRP) 
Production of MRP is also based on a push production. 
In the model, production scheduling comes from MRP 
plan. Each order can operate under the releasing time 
condition that is set back by the backward scheduling 
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in MRP. This releasing time is used to prevent an early 
production, which may create unnecessary finished 
products. 
 
3) Pull Kanban system 
In this system, there are a number of parts stored 
between processes in Kanbans. Each Kanban may 
contain a certain number of parts and it is not allowed 
to withdraw a fractional size of Kanban. To make 
compatible production units with other systems 
without Kanbans, the Kanban size of 1 unit is used for 
other operation apart from the bottleneck operation as 
a result only an optimal number of Kanbans will only 
be experimented. However, at the bottleneck operation 
in which the Kanban container size can be bigger than 
one unit to reduce set-up time of this restricted 
capacity resource, both Kanban container size and 
number of Kanbans are set to be decision 
variables.Production starts when there is a customer 
demand, which takes products from the last 
downstream process. Then, empty Kanbans are 
transferred back to upstream processes, requesting for 
replenishing required components, which have been 
taken by the downstream processes.  
 
4) CONWIP 
CONWIP system is based on the Kanban idea. The 
difference is that there is no interaction between 
adjacent processes. But the interaction occurs between 
the finished product and raw material storing 
locations. Production starts at the same point as the 
pull Kanban system. After finished products have been 
taken by customer demand from the output CONWIP 
buffer, a signal is sent to release raw materials into 
production system to replenish the ones that have been 
taken by the customer from the output CONWIP 
buffer. But in order to release raw materials for 
production, there are certain Raw material releasing 
conditions, which are the Maximum Allowed Level of 
Work in Process (WIPCAP) and proper releasing time. 
Production can only start when the current level of 
work in process is below the WIPCAP and it must be 
started in a proper releasing time. This proper 
releasing time can be calculated by adding some 
amount of offset time called “work-ahead window” to 
its manufacturing time of each part.  
 
5) DBR system (MRP/Push) 
Procedures of the DBR system are similar to MRP 
system. But the difference is that this system focuses 
on the bottleneck process, called as a Drum. All 
previous processes in front of the bottleneck process 
should operate at the same pace with the bottleneck 
process otherwise parts will be piled up in front of the 
bottleneck. All processes after the bottleneck process 
should operate in a push fashion in order to get the 
finished products out as soon as possible. As a result, 
there is no holding time with the backward scheduling 
similar to the MRP system for preventing an early 
production in this push section. 

6) Hybrid CONWIP/MRP 
This hybrid policy is the combination between the 
push concept of MRP and the pull concept of 
CONWIP. Its production control also focuses on the 
bottleneck process as a breaking point. So after 
bottleneck process, MRP mechanism is applied while 
the CONWIP mechanism is applied to the processes 
prior to the bottleneck. As there are parts stored in the 
output CONWIP buffer in front of the bottleneck 
process, when there is a customer demand, it will send 
a signal to this buffer and at the same time raw 
materials stored in the input CONWIP buffer are 
released into the production system to replenish the 
materials, that were withdrawn from this buffer to the 
bottleneck process. This process will be done in the 
CONWIP fashion. After the bottleneck process, parts 
will be controlled by MRP mechanism as explained in 
the previous section. 
7)  Hybrid MRP/CONWIP 
The only difference between this policy (Hybrid 
MRP/CONWIP) and Hybrid CONWIP/MRP is that 
MRP mechanism will be applied to the processes in 
front of the bottleneck process while CONWIP 
mechanism will be applied to the processes after the 
bottleneck process. Once the customer demand 
arrives, parts will be taken from the output CONWIP 
buffer and the CONWIP mechanism is activated to 
replenish the parts taken by the demand. At the same 
time, backward scheduling controlled by MRP will 
take place backwarding from the input CONWIP 
buffer to the first process. 
 
IV. PRODUCTION LINE AND PRODUCT 
CHARACTERISTICS 
 
There are 2 types of product (product F1 and F2), 
which can be broken down as shown by the Bill of 
Materials (BOM) in Fig 1. Both products have six 
processing steps. Gross demand of product F1 and F2 
are generated weekly according to their Master 
Production Schedules (MPS) at the amount of 15 units 
per each type on average with the coefficient of 
variation of 0.1 under the normal distribution. 
According to Fig 1, there are six machines (operating 
steps) arranging in the flow line. Each machine 
operates one level of component in BOM such as 
machine 6 operates only F1 and F2 or machine 2 
operates only B1, B2, B3, B4 and B5. Operating times 
and set up times are under negative exponential 
distribution with the mean stating in the bottom left 
corner and set up time stating in the top left corner. All 
of these times are in minutes. For example, F2 is 
operated by machine 6 (M6) under the mean operating 
time of 40 minutes and mean set up time of 10 minutes 
negative exponentially distributed. For the bottleneck 
process, machine 3 (M3) is considered to be the 
bottleneck process since its operation time and set up 
time are the longest, which can cause its utilization to 
be around 80% whereas other machines’ utilizations 
are only around 50%-60%.All components are 
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produced according to Lot for Lot for the push 
mechanism policies. Except component C1 and C2, 
which are produced by the bottleneck process 
(Machine 3), are produced in batch, which is set to be a 
decision variable. Then, to make it comparable to the 
batch size of the push system at the bottleneck process, 
the Kanban container size and CONWIP buffer size in 
front of the bottleneck process are also set to be 
decision variables where their optimal sizes need to be 
decided. 

 
Fig 1: Product F1 & F2’s Bill of material (BOM) & Six 

operating steps 
 
 
V. GENETIC ALGORITHM’S PARAMETERS 
 
Population consists of 20 chromosomes in binary 
form. Chromosomes in population are randomly 
chosen to form 20 offspring from the crossover 
process or 100% of population. Also some of 
chromosomes are randomly chosen to form 4 mutates 
from the mutation process or 20% of the population. 
Then, selected percentages of crossover and mutation 
were obtained from preliminary experiments, which 
yielded the best performance. 
 
VI. DECISION VARIABLES 
 
Each policy has different decision variables according 
to its required operating parameters. For example, the 
pull Kanban system has a number of Kanbans and 
Kanban size in front of the bottleneck process (as at 
other processes, Kanban size is only set to 1) as its 
decision variables while the push mechanism systems 
have the plan queue time (material releasing time) and 
batch size at bottleneck process as their decision 
variables. In total, the push, MRP, DBR systems have 
3, 8, 9decision variables respectively, the pull Kanban 
and CONWIP systems have 25 and 6decision 
variables respectively, and two hybrid systems, 
CONWIP/MRP and MRP/CONWIP, have 10 and 
8decision variables respectively. All of these decision 

variables will be searched to find their optimality by 
GA. 
 
VII. NUMBER OF REPLICATIONS AND 
REPLICATION LENGTH 
 
Due to uncertainty nature of problem in simulation, 
each production system model required 15 replications 
with 10 years period in each replication where first six 
months were eliminated as a warm up period. This 
yielded independent observations between 
replications and bringing the confidence intervals 
(half-width) of the interested observation (profit of the 
system) to be within 5 % of our point estimate of this 
value under 95% confidence level. 
 
VIII. PROFIT MODEL 
 
The performance of each system is measured by using 
Profit. So, the objective function is to maximize the 
profit of the system. 
Profit = Revenue – Total Costs      (1) 
Revenue = Number of units sold x Unit price  (2) 
 
Total costs = RM +  OC +  S + LP + HC  (3) 
where: 
RM = Raw material cost (Baht) 
OC = Operation cost (Baht) 
S = Set up cost (Baht) 
LP  = Total late penalty cost (Baht) 
HC = Total holding cost (Baht) 
 
Total raw material cost 
RM = RM × N             (4) 
where: 
RM = Raw material cost (Baht) 
RM  = Raw material cost per unit (Baht) 
N = Number of units used (units) 
 
Total operation cost 
OC = O × ∑ (OT  ×  N )        (5) 
where: 
OC = Total operation cost (Baht) 
O  = Machine operation cost per minute (Baht) 
N  = Total number of parts operated by machine i 
(minutes) 
OT = Average operating time of machine i (minutes) 
 
Total set up cost 
S =  S × ∑ (ST  ×  n )         (6) 
where: 
S = Total set up cost of machine i (Baht) 
ST  = Average set up time of machine i (minutes) 
n  = Total number of set ups of machine i (minutes) 
S  = Set up cost per minute (Baht) 
 
Total late penalty cost 
LP =  N  ×  LT × LP           (7) 
where: 
LP = Total late penalty cost(Baht) 
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N  = Total number of late parts (unit) 
LT = Average late time per unit (minutes) 
LP  = Late penalty cost per minute (Baht) 
Total holding cost  
HC =  ∑ (HC × N × HT )       (8) 
where: 
HC = Total holding cost (Baht) 
N  = Total number of parts held at stage j (unit) 
HT  = Average hold time per unit at stage j (minutes) 
HC  = Holding cost per unit per minute at stage j 
(Baht) 

Table 1: Cost Structure 

 

According to Table 1, raw material cost is 100 Baht 
per unit of type A component. For example, product 
F1 required 18 units of A type components, so raw 
material cost of product F1 is 18 x 100, which equals 
to 1,800 Baht. Operating cost and set up cost are 5 
Baht per minute.  Late penalty cost is charged with 
20% of unit price per day, which means that 1 day late 
can cause a penalty cost of 20% of its unit price. 
Holding cost is also charged by the percentage of unit 
cost at each stage of the process. As a result, the 
holding cost of a part towards the end of the line would 
be more expensive than the one at the beginning of the 
line since its unit cost of a more complete unit is more 
expensive. 
 

 
Table 2:Profit,Revenue and Cost ranking 

 
 

IX. RESULT 
 

 
Fig 2: Profit of all systems 

 

 
Fig 3: Holding cost and Set up cost of all systems 

 
FROM TABLE 3, RESULTS OF TUKEY MULTIPLE RANGE 
TEST WERE SHOWN. THIS COMPARISON IS BASED ON 
95% CONFIDENCE LEVEL. IT WAS FOUND THAT HYBRID 
CONWIP/MRP IS THE POLICY THAT YIELDS THE HIGHEST 
PROFIT. IN FACT, LOOKING AT THE PROFIT OF THE 
SYSTEM UNDER UNBALANCED CONDITION, THE PUSH 
MECHANISM RELATED POLICY (I.E., PUSH, MRP, DBR) 
OUTPERFORM THE PULL MECHANISM RELATED 
POLICIES (I.E., KANBAN AND CONWIP). THIS MAY BE 
DUE TO THE FACT THAT THE COSTS OF THE PULL 
MECHANISM RELATED POLICIES ARE SIGNIFICANT 
HIGHER THAN THE PUSH MECHANISM RELATED 
POLICIES. AS PARTS ARE REQUIRED TO STORE IN 
KANBANS BETWEEN PROCESSES WAITING TO BE 
PULLED ONE UNIT AT A TIME, HIGHER HOLDING COST 
AND SET UP COST INCUR AS A RESULT. 
Hybrid CONWIP/MRP shows to have the highest 
profit as a result of the lowest total costs stemming 
from the lowest holding cost and the second lowest set 
up cost among the systems under comparison. 
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Introducing CONWIP mechanism prior to the 
bottleneck process, parts would not be launched into 
the line too early and piled up in front of the bottleneck 
process, which runs at a slower speed due to a control 
of the amount of WIPCAP and offset time of 
work-ahead window as decision variables. After the 
bottleneck process, parts are produced according to the 
MRP schedule to match with due dates. As a result, 
they would not be pushed through the line too early 
and incur high holding cost as a result. 
 
Regarding the hybrid MRP/CONWIP, it can yield the 
profit higher than other traditional pull mechanism 
system (i.e., Kanban and CONWIP) as a result of 
lower set up and holding costs. However, holding part 
in CONWIP buffer further downstream in the line 
(CONWIP/MRP’s buffers are put towards the 
beginning of the line) cause high inventory holding 
cost as the unit cost of a more complete part is more 
expensive than the unit cost of raw materials. As the 
holding cost is charged by the percentage of the unit 
cost at each stage, the holding cost per unit of a more 
complete unit becomes more expensive, which leads 
to a higher holding cost Revenue, raw material cost 
and operation cost of each policy cannot be shown 
significant difference since all policies operate under 
the same customer demand with the same Master 
Production Schedule (MPS). As a result, they are not 
much different. Late penalty cost also shows not much 
different among systems. This is due to the fact that all 
systems try to avoid this high penalty cost by holding 
more inventory as it is cheaper to do so. DBR, which is 
aimed to improve the efficiency of the unbalanced 
system, cannot distinguish itself from other push 
mechanism policies (i.e., push and MRP).  
 
Under this unbalanced condition, even though its set 
up cost shows to be the lowest by forming a bigger 
batch through the bottleneck to reduce the number of 
set ups and better utilize the bottleneck process, its 
impact is still not enough to increase the overall profit 
of this system. 
 
CONCLUSIONS 
 
Push and pull concepts of production control systems 
were compared using simulation optimization by 
Genetic Algorithm. Each system showed to give 
different advantages and disadvantages under the 
unbalanced condition. Push mechanism systems 
showed to have lower set up and holding costs while 
pull mechanism systems showed to have higher set up 
and holding costs due to the fact that parts are needed 
to be held between processes in Kanbans and produced 
in a smaller batch size. By combining between 2 
advantages, two hybrid systems were introduced. 
Results showed that Hybrid CONWIP/MRP was the 
best policy. With CONWIP concept in front of 
bottleneck process, holding cost was reduced as well 
as the set up cost was not much different from the push 

mechanism systems. The highest profit obtained from 
this policy was a result of placing and controlling a 
buffer in front of the bottleneck process and slowing 
down parts flowing to the bottleneck process from 
applying the CONWIP policy in front of the 
bottleneck process. This helps reduce holding and 
set-up costs. In addition, the backward scheduling of 
MRP after the bottleneck process can prevent an 
early/tardy production and helps reduce the holding 
cost and penalty cost. 
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