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 In this article, a manpower allocation and cell loading problem is studied, where demand is 
stochastic. The inter-cell and intra-cell movements are considered and attention is focused on 
assigning operators with different skill levels to operations, because cell performance in addition 
to load cell is dependent on manpower. The purpose of this article is manpower allocation in 
cellular manufacturing with consideration to learning and training policies. The manpower skill 
levels are determined in order to enhance production rate. The main contribution of this ap-
proach is the scenarios of training and learning in addition to the combination of training and 
learning being simulated. By using these three scenarios, the skill level of workers increase 
which reduces the processing time. In this regard cell layout is static where processing times 
and customer demand follow a normal distribution. As one of the significant costs of industrial 
unit is related to production cost, this study has attempted to reduce these costs by increasing 
the skill level of operator which causes to reduce the processing time. Scenarios are evaluated 
by using a simulation method that finally attained results indicate this simulation provides better 
manpower assignments. 
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1. Introduction 
 
Cellular manufacturing (CM) is a new method for establishing industrial units and it has attracted some 
attention during the recent decades. CM developed as an impressive response to the increasing product 
diversity as a result of rapidly changing customer desire and global competition (Egilmez et al., 2014). 
Cellular manufacturing derived from group technology (GT). GT is focused on the principle of group-
ing parts into families based on similarities in design or manufacturing (Balakrishnan & Cheng, 2007). 
In cellular manufacturing systems products are classified based on physical similarity or process simi-
larity to smaller units called cells. Lower work-in-process inventory, lead times, waiting times and 
queue sizes for a diversity of products with low to medium volume of yearly demand has been perceived 
as the most effective layout in cellular manufacturing (Wemmerlov & Johnson, 1997). CMS has some 
cons. Machine utilization may be lower because of dedication (Balakrishnan & Cheng, 2007). The need 
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to focus on both technical issues and human issues is significant for the effective implementation of 
cellular manufacturing (Norman et al., 2002); because ignoring human issues can decrease cell manu-
facturing advantages noticeably (Bidanda et al., 2005). Manufacturing cells are separated into machine-
intensive cells and labor-intensive cells. Operator participation is restricted in machine-intensive cells 
as most of the processing is completed by automated machines. The operator’s role is limited to loading 
and unloading the machines. In labor-intensive cells, operators play a main role in the performance of 
the cell and affects the output of the cell (Süer & Tummaluri, 2008). Skill levels of the workers progress 
through learning or training. Operator skill level increases when he works on a single operation unin-
terruptedly for a definite amount of time. The progress or decline in skill levels rely on the operators’ 
current skill levels (Tompkins et al., 1996; Süer & Tummaluri, 2008). In addition to the allocation of 
operators, inter-cell movement and intra-cell movement are considered in this research. Inter-cell 
movement refers to the transfer of operators between cells, whereas intra-cell movement relates to op-
erator transfers between machines within a cell (Cesani & Steudel, 2005). In this study, the cell for-
mation problem has been considered under static conditions and a fixed layout in which the problem 
data of cells is constant for a single time period. The majority of studies examine the deterministic cell 
manufacturing system design, where the manpower allocation problem is addressed, and operation 
times and customer demand are uncertain. Finally, to increase operator performance three scenarios of: 
training (training courses increase the skill level of the workers and this in turn requires a certain cost 
and time), learning (the skill level of workers gradually increases with the passing of time), and hybrid 
(combination of training and learning) are examined. Consequently, the problem can be summarized: 
 
1) Determine the optimal cell layout 
2) Assign products to cells (cell loading)  
3)  Determine operator assignments to operations for each product 
 
Simulation of the three scenarios of training, learning and hybrid (combination of training and learn-
ing) 
 
2. Literature review 

Due to changes in demand for low cost, manufacturing systems must now respond at a quicker pace. 
Cell manufacturing is one of the solutions used in manufacturing enterprises to attain high productivity 
in an unsteady environment (Car & Mikac, 2006). Reduction work in processing inventories costs, 
setup times and improvement of manpower relations and operator skill are proses of cellular manufac-
turing (Reene & Sadowski, 1984). In the literature, cell loading has been considered extensively. 
Greene and Sadowski (1983) examined the variables influencing cellular manufacturing system where 
cell loading compromised the cell control function. Cell formation (CF) can conduct cell layout, and is 
the earliest problem of facility layout (Al- Mubarak et al. 2003). Chang, et al. (2009), Ahi, et al. (2009) 
and Mahdavia et al. (2008) considered the formation of family and equipment units, and offered inte-
grated arithmetic of cell formation and cellular layout concurrently under various objectives. One of 
the fundamental focuses in CM is the consideration of human issues since disregarding this factor can 
extensively decrease profits of the cellular manufacturing (Mahdavi et al., 2010). Norman et al. (2002) 
proposed a mixed-integer programming model for allocating laborers to manufacturing cells with a 
specific aim to increase the benefit. Bidanda et al. (2005) presented assessment of the different scope 
of human issues included in CM. The model permits various diverse staffing choices (i.e., hiring and 
firing) due to minimize workforce-related and production costs (Wirojanagud et al., 2007). An avari-
cious heuristic approach methodology focused around individual learning rate for the enhancement of 
productivity in through focused on labor allocation was described by Nembhard, (2001). Wirojanagud 
et al. (2007) presented a workforce arranging model that includes individual laborer differences in abil-
ity to learn new skills and perform assignments. Different analysts have analyzed the effect and profit 
of training. Askin and Huang (1997) propose integer programming for allocating laborers in cells due 
to define a training program for workers. Hedge et al. (1994)  recommend that  the selection and training  



R. A. Khuhro et al. / Management Science Letters 7 (2017) 
 

11

processes be connected within an organization and affirm that growing the skill levels of workers by 
training them creates the same impact as increasing the total skill levels of the work force through 
hiring. Training is performed to raise and/or maintain the essential skill in these laborers and as a result, 
enhance the possibility of job success and greater productivity. Huq, (1992) showed that the sort and 
scope of training required regularly relies on the nature of the production process, the size of the plant, 
and the prior methods of production. In the studies discussed, CMS layout and labor allocation are 
addressed but the impact on training and learning approaches to production costs, including inter-cell 
cost and intra-cell cost are not explained. 

Table 1  
Comparison of features of research conducted 

 

S
to

ch
as

ti
c 

ce
llu

la
r 

m
an

uf
ac

tu
ri

ng
 

O
pe

ra
to

r 
al

lo
ca

ti
on

 

H
um

an
-i

ss
ue

s(
 h

ir
in

g 
,f

ir
in

g,
 s

al
ar

y)
 

T
ra

in
in

g 

le
ar

ni
ng

 

H
yb

ri
d 

(t
ra

in
in

g 
&

le
an

in
g)

 

pr
od

uc
tio

n 
ra

te
 

In
te

r-
ce

ll
 &

 
In

tr
a-

ce
ll
 

R
is

k 
le

ve
l 

F
ac

il
it

y 
L

ay
ou

t 

U
ni

t o
pe

ra
ti

on
 ti

m
e 

Egilmez et al., 2014 √ √ √    √     
Saeidi et al., 2014    √   √     
Egilmez et al., 2012 √ √      √    
Mahdavi et al., 2010 √ √          
Aryanezhad et al., 2009  √ √ √        
Süer & Tummaluri, 2008     √    √   
Wirojanagud et al., 2007  √ √  √       
Defersha & Chen, 2006    √   √     
This study √ √  √ √ √ √ √  √ √ 

 

3. Problem description 
 
This study works with labor-intensive manufacturing cells. The machines and equipment are small and 
inexpensive in labor-intensive manufacturing cells. Operation time and customer demand are assumed 
to follow a normal distribution (Egilmez et al., 2014) because most real-world data are normally dis-
tributed by nature or have the ability to transform into a normal distribution and the majority of func-
tions can be converted to a normal distribution (Javadi et al., 2013). Firstly, an implementation of cell 
manufacturing is explained. Then, the optimal layout is determined by considering the cycle time. The 
initial skill levels of operators are determined and according to the needs of each operation, the operator 
is assigned. Time and cost of courses in the training policy is elected and the policy is then implemented 
and the total cost of cellular manufacturing system, which includes the cost of production , inter-cell a 
cost , intra-cell cost and training cost, is evaluated. The skill level of each operator who participates in 
the training course increases and this in turn leads to a gradual reduction in the processing.  Similarly, 
the steps mentioned in the training policy will be implemented in the learning policy. Finally, the hybrid 
scenario (combination of training and learning) is simulated and the costs of the three scenarios are 
compared with each other in order to choose the most effective scenario.  
 

3.1. Design of cellular manufacturing system: a case study 

In this project, the case study is a medium scale labor-intensive lamp manufacturing industry. The plant 
consists of 13 machines, and each machine performs a special type of operation (Chan & Abhary, 
1996). To increase the scale of the problem defined in order to better see the impact of three scenarios 
described, the number of products in the industry has shifted from one product to two products and the 
processing time has been changed from a uniform distribution to a normal distribution. Full plant ca-
pacity is designed for producing two lamps with 19 loading and unloading workers. Machine (M1) 
performs two different operations with one type of raw material, and produces the shells. Machines 
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(M2_1), (M2_1) perform cutting operation and produces two different tubes (10mm and 3mm diame-
ter) and the exhaust. The remainder of the machines performs simple assembly operations, so the ser-
vice module is used for all the machines. Operation and products flow is shown in Fig. 1. 

 

 

 

 

 

  

 

 

 

Fig. 1. Operation and products flow chart 

3.2. Optimal cellular manufacturing system 

In this study processing time follows a normal distribution. Processing time for each operation is de-
fined by its own mean and standard deviation. The standard deviations of processing time are assumed 
as the 10% of the means (Egilmez et al., 2012) because detailed information from the standard deviation 
is not available. The production data necessary for the system, that is as shown in Table 2, is the number 
of workers to perform various tasks and operation data.  
 
Table 2  
Production data  

Machines 
(operations) 

Number of workers 
Processing time(minute) 

Mean Standard Deviation 

Moulding (M1) 1 0.58 0.058 

Cutting(M2_1) 1 0.15 0.015 

Cutting (M2_2) 1 0.15 0.015 
Flaring (M3) 1 0.48 0.048 

Stemming (M4) 4 0.46 0.046 
Supporting wire mounting (M5) 1 0.44 0.044 

Filament mounting (M6) 1 0.50 0.050 

Sealing (M7) 3 0.54 0.054 

Vacuuming (M8) 1 0.42 0.042 
Ageing (M9) 1 0.60 0.060 

Capping (M10) 1 0.59 0.059

Soldering (M11) 2 0.47 0.047 

Packing (M12) 1 1.60 0.16 

 
If the cycle time and the number of cells is not clear, in this case it is assumed that the cycle time is 
equal to the maximum time of and design (Tomkins et al., 1996). This approach is used for determining 
the optimal number of cells. Due to the uncertain nature of the processing time and following a normal 
distribution, µ+3σ are calculated for each operation. The cycle time is equal to the maximum µ+3σ and 
the optimal number of cells in this cellular manufacturing system will be determined based on the cycle 
time. These calculations are shown in Table 3. 
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Table 3  
The result of cycle time calculations 

Machines µ+3σ Machines µ+3σ 
1 0.754 7 0.702 

2_1 0.195 8 0.564 
2_2 0.195 9 0.78 

3 0.624 10 0.767 
4 0.598 11 0.611 
5 0.572 12 2.08 
6 0.65  

 
After determining the optimal number of cells, according to the diagram production, the machines are 
allocated to the corresponding cell. The results of the allocation of the machines are given in table 4 
and optimal layout diagram in Fig. 2 is shown. 
 
Table 4  
Optimal CMF 

cells Machines 
1 M1,M2-1,M2-2,M3
2 M4,M5,M6 
3 M7,M8,M9 
4 M10,M11
5 M12 

 
 

Fig. 2. Optimal layout diagram
 

The system produces two lamps, and each of them has its own demand. Due to the different needs of 
customers, the demand for these lamps is stochastic and follows a normal distribution. The demand 
data necessary for the system is shown in Tables 5. 

Table 5  
Demand data 

Productions 
Demand 

Mean Standard Deviation 
Lamp 1 (10mm tube) 87500 1000 
Lamp 2 (3mm tube) 86500 900 

 

In this study, four skill levels are planned for operators. For instance the skill level of the operator can 
increase from skill level one to skill level two through two policies learning and training and enhance 
the performance of their cells.  Inter-cell and intra-cell movements are considered in this article. The 
distances between and within cells are calculated by using Euclidean distance. The cost of transporting 
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per unit is determined. To calculate the intra-cell cost and inter-cell cost, these distances must be mul-
tiplied by the cost of inter-cell flow and intra-cell flow. (The necessary information for calculating 
inter-cell cost and intra cell cost is shown in appendix A). In this study three scenarios have been in-
vestigated: First learning, second training, and third a combination of the two methods of training and 
learning. Necessary data for the three policies are shown in the Tables 6 and Table 7. 

Table 6  
Necessary Data for training courses 

skill levels Cost of training course($) Time of training course(day) 
1-2 10000 10 
2-3 14000 15 
3-4 20000 20 

 

Table 7  
Necessary Data for learning 

skill levels Time of learning 
1-2 30 
2-3 20 
3-4 15 

 

3.3. Assumptions 

Family arrangements of parts can be based on design-orientation (Safaei et al., 2008) or can be based 
on production-orientation (Balakrishnan & Cheng, 2007). Layout cells are divided into the two catego-
ries of discrete and continuous. In discrete mode, cells are arranged in blocks that have the same area 
and size that are pre-specified and in continuous mode, the dimensions of the cells depends on the size 
and type of machines in each cell (Javadi et al. 2013). 

 In this project family arrangement of parts is based on production-orientation and the layout cells 
are considered to be discrete.  

 Routing flexibility, which means that each operation can be done on one or more machine type with 
different times (Rafiei & Koushan, 2012), is not allowed because it makes the complexity of the 
simulation.  

Manufacturing cells can be defined as either machine-intensive or labor-intensive. In machine-inten-
sive cells, the operator involvement is limited and the operation is mostly influenced by the machine 
performance. In labor- intensive manufacturing cells, operations are mainly carried out by the operators 
and the processing time of an operation can vary significantly from one unit of the job to the next unit 
depending on the operator and even for the same operator (Eglimez et al., 2012) .The labor and skill 
level of workers have an effect on labor-intensive cells, which in turn affects the production rate 
(Eglimez et al., 2014).  

 The main focus of this project is the issue of the allocation of manpower and operators play a major 
role, while labor-intensive cells have been investigated. 

 Each operator works 8 hours a day. 
 
4. Methodology and results 
 
The proposed methodology consists of simulation CFM and defining the three scenarios to improve 
cell performance. The simulation software that is used in this study is AnyLogic because it has many 
useful features. AnyLogic is the market leader in simulation and modeling technology due to its flexi-
bility and distinctive multi-method modeling capabilities. From supply chain and logistics to manufac-
turing and market analysis, all business areas are utilizing AnyLogic simulation software for better 
decision making throughout the entire business lifecycle. Three major methodologies used to build 
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dynamic business simulation models: System Dynamics (SD), Process-centric (“Discrete Event”, DE) 
modeling, and Agent Based modeling (AB); and AnyLogic is able to simulate all of these methodolo-
gies. Another feature of this software is that it can be used directly in Java code. 
The proposed simulation consists of three phases: 
 
1-Cell formation and cell loading 
2-Manpower allocation 
3- Implementation of the three scenarios of training, learning and hybrid. 
 
4.1. Phase 1:  Cell formation and cell loading 
 

With respect to the optimal number of cells and the sequence of operations, the scope of each cell is 
determined by the software. Then, each cell can be loaded according to the requirements. The following 
sections will describe cell loading in detail. In cell 1 according to operation and products flow chart 
diagram machine 1, machine 2_1, machine 2_2 and machine 3 exist. Since each machine performs a 
specific operation, the service module is used to illustrate the operation. The raw materials enter the 
cell and after passing out of machine 1, are separated by the type of tube. To illustrate the separation of 
raw materials the select output modules is used. After cutting operations, other operations are similar 
for two lamps. Queue and hold modules are used to control the rate of entry of each product and act as 
a warehouse. 
  

  
Fig. 3. Layout designed for cell 1 Fig. 4. Layout designed for cell 5 

 
Due to the long processing time of operation 12, only machine 12 exists in cell 5 and this operation is 
the bottleneck. Then, depending on the type of lamp production and product labeling, lamps exit the 
system in batches of 100.  
 
4.2. Phase 2:  Manpower allocation 
 

Firstly, initial manpower skill levels for these five cells are determined. Then an operator is allocated 
according to the needs of each cell. The source module is used to indicate manpower allocation in 
batches of 100 lamps that exit from the system. 

Table 8 
Initial skill of operators 
Cells 1 2 3 4 5 
Skill level 1 2 2 2 3 

 
4.3. Phase 3: Implementation three scenarios training, learning and hybrid 
 
To enhance worker performance, the three scenarios of learning (the skill level of the worker gradually 
increases with the passing of time), training (training courses increase the skill level of the workers and 
this in turn requires certain cost and time) and hybrid (combination of training and learning) are exam-
ined. In learning mode, when an operator works on a single operation continuously for a certain amount 
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of time, his skill level improves. Similarly, his skill level decreases when he doesn’t perform an oper-
ation for a number of weeks (Süer & Tummaluri, 2008). In the learning scenario, the mean of pro-
cessing time gradually decreases. In other words, this decline can be attributed to a downward curve. 
To simulate the learning policy, the decision variable that determines the type of policy in addition to 
the parameters of time associated with learning must be defined. If the code is written in the AnyLogic 
software, the decision variable (policy) is equal to 1, and the learning scenario will be occurring. The 
results of training scenario are shown in Table 9. 
 
Table 9  
The results of learning scenario 

Policy=1  (learning) 

Average cost of 4 runs 

Inter-cell cost 1108984.75 
Intra-cell cost 2987228.25 

Production cost 3235617.262 
Total cost 7,341,830.26 

 
In training mode, firstly the skill levels are defined and in order to increase the skill level to a higher 
level, a different cost and time are required (Norman et al. 2002). Training can reduce the mean of 
processing time at the end of the training course. For example, if the mean of processing time is 2 
minutes, by increasing the skill level of the operator in the training course it will be reduced to 1.75 
minutes, and this reduction occurs at the end of a training course. To simulate the training policy, the 
decision variable that determines the type of policy and the parameters of the cost and time associated 
with training courses need to be defined. If the code is written in the AnyLogic software, the decision 
variable (policy) is equal to 2, and the training scenario will be occurring. The results of training sce-
nario are shown in Table 10. 
 
Table 10  
The results of training scenario 

Policy=2  (training) 

Average of cost of 4 runs 

Training cost 166000 
Inter-cell cost 1089490.75 
Intra-cell cost 2972045 

Production cost 3262743.02 
Total cost 7490278.771 

 
In hybrid mode, a combination of the two methods of training and learning is used in order to achieve 
better performance for the cell. In the hybrid policy, 5 binary decision variables (Cell1_hybrid_23, 
Cell1_hybrid_34, Cell2_hybrid_34, Cell3_hybrid_34 and Cell5_hybrid_34) exist. If the code is written 
in the AnyLogic software, the decision variable (policy) is equal to 3, and the hybrid scenario will be 
occurring. The decision in the hybrid scenario by the decision variables is as follows:  

  Skill level from in-

Cell1_hybrid_23 If Cell1_hybrid== 1 2 to 3 train-
0 2 to 3 learn-

Cell1_hybrid_23 If Cell1_hybrid== 1 3 to 4 train-
0 3 to 4 learn-

Cell1_hybrid_23 If Cell1_hybrid== 1 3 to 4 train-
0 3 to 4 learn-

Cell1_hybrid_23 If Cell1_hybrid== 1 3 to 4 train-
0 3 to 4 learn-

Cell1_hybrid_23 If Cell1_hybrid== 1 3 to 4 train-
0 3 to 4 learn-

 
Timetable for the implementation of the hybrid scenario is as follows: 
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Table 11 
Timetable of hybrid policy 

Policy=3 (hybrid) Done in 30 minutes Done in 50 minutest Done in 65 minutes 

Increase skill level in Cell1 
1-2 2-3 3-4 
2-3 3-4  

Increase skill level Cell2 
2-3 3-4  
3-4   

Increase skill level Cell3 
2-3 3-4  
3-4   

Increase skill level Cell4 3-4   
2-3 3-4  

 

In hybrid mode, there are 32 choices because 5 binary variable decisions with 2 modes exist and each 
choice runs four times due to the stochastic processing time. Five of the best results obtained after 
128 runs are shown in Table 12. 

Table 12  
Result of hybrid scenario 

Cell5(3-4) 0 0 0 1 1 
Cell3(3-4) 0 0 0 0 1 
Cell2(3-4) 1 1 0 0 1 
Cell1(3-4) 1 0 1 0 1 
Cell1(2-3) 0 0 1 1 1 

rank 1 2 3 4 5 
Average of  Total cost 7324088.151 7324386.255 7329888.436 7333322.192 7342266.801

 

By evaluating the results of the three scenarios, the hybrid scenario has a better performance and the 
reduced cost is greater. The results show that if skill level is increased from level 2 to level 3 by learning 
and from level 3 to 4 by training in cell 1 and from level 3 to 4 by training in cell 2 and from level 3 to 
4 by learning in cell 5, the lowest cost will be produced. An important point is that operators in their 
initial skill level will need 90 day to satisfy customer demand. With the implementation of the three 
scenarios, the number of working days reduced from 90 days to 75 days to meet the demand. It is also 
observed with the use of the three scenarios, inter-cell cost and intra-cell cost have significantly re-
duced. The results of the simulation of CMS without any policies are shown in Table 13. 
 

Table 13  
Result of simulation of CMS without any policy 

No Policy 

Average of cost of 4 runs 

Inter-cell cost 1255298.75 
Intra-cell cost 3160052.25 

Production cost 3848473.2 
Total cost 7,058,044.31 

 

5. Conclusion and future research 

In this research, manpower allocation in cellular manufacturing system has been investigated. In order 
to show the effects of the skill levels of the operator in the CMS performance, two approaches have 
been simulated. The first approach consists of two phases; cell formation and cellular layout problems 
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are simulated simultaneously. Then, by considering operation and the product’s flow chart, the cells 
are loaded. In the second approach, manpower allocation is simulated. The appropriate allocation of 
operators in terms of skill levels and needs of each operation have been presented. Then, the three 
scenarios of learning, training and hybrid are simulated in order to increase the skill level of the worker. 
The obtained results show that considering manpower allocation in CMS can affect both cell perfor-
mance and cell costs. With the implementation of these three scenarios, the number of working days to 
meet the demand has increased. With enhancing the skill level of the operator, costs of inter-cell and 
intra-cell as well as the processing time are reduced. For example in this system, the lowest cost can be 
achieved when the skill level is increased from level 2 to level 3 by learning and from level 3 to 4 by 
training in cell 1 and from level 3 to 4 by training in cell 2 and from level 3 to 4 by learning in cell 
5.Lastly, in future work, more experimentation with more skill levels, more operators and more opera-
tions can be simulated in order to see the effect in various scenarios better. To enhance the operators’ 
skills, the implementation of encouraging policies (increasing salary) as well as punishment policies 
(decreasing salary) can increase the incentive for operators to provide better performance. In order to 
have better performance and reduced workdays, one can identify the bottleneck and allocate skilled 
workers who have finished his duties to that operation. 
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Appendix A: Inter-cell cost and Intra-cell cost 

Necessary information to calculate the intra-cell costs is shown from Table A.1 to Table A.4 

Table A.1.  
The distance between machines in cell 1(meter) 

Cell1 M1 M2_1 M2_2 M3 
M1 0 2 2 5 

M2_1 2 0 1 3 
M2_2 2 1 0 3 
M3 5 3 3 0 

 

Table A.2.  
The distance between machines in cell 2(meter) 

Cell2 M4 M5 M6 
M4 0 2 4 
M5 2 0 2 
M6 4 2 0 
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Table A.3.  
The distance between machines in cell 3(meter) 

Cell3 M7 M8 M9 
M7 0 3 4 
M8 3 0 1 
M9 4 1 0 

 

Table A.4.  
The distance between machines in cell 4(meter) 

Cell4 M10 M11 
M10 0 2 
M11 2 0 

 
Necessary Information to calculate the inter-cell costs is shown in Table A.5 
 
Table A.5.  
The distance between cells (meter) 
 Cell1 Cell2 Cell3 Cell4 Cell5 

Cell1 0 1 2 4 5 
Cell2 1 0 1 3 4 
Cell3 2 1 0 2 3 
Cell4 4 3 2 0 1 
Cell5 5 4 3 1 0 

 
The intra-cell flow cost and inter-cell flow cost are shown from Table A.6 to Table A.10 
 
Table A.6.  
Inter-cell flow cost 

$ Cell1 Cell2 Cell3 Cell4 Cell5 
Cell1 0 3 5 7 8 
Cell2 3 0 3 5 6 
Cell3 5 3 0 4 5 
Cell4 7 5 4 0 4 
Cell5 8 6 5 4 0 

 
 
Table A.7.  
Intra-cell 1 flow cost 

Cell1 M1 M2_1 M2_2 M3 
M1 0 2 2 3 

M2_1 2 0 1 2 
M2_2 2 1 0 2 
M3 3 2 2 0 

 

Table A.8.  
Intra-cell 2 flow cost 

Cell2 M4 M5 M6 
M4 0 1 3 
M5 1 0 2 
M6 3 2 0 
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Table A.9.  
Intra-cell 3 flow cost 

Cell3 M7 M8 M9 
M7 0 2 3 
M8 2 0 1 
M9 3 1 0 

 
Table A.10.  
Intra-cell 4 flow cost 

Cell4 M10 M11 
M10 0 2 
M11 2 0 

 

Appendix B: Production cost 

Necessary data for production cost is shown from Table B.1. to Table B.2 

Table B.1.  
Production cost for each lamp 

machines Cost of production($) 
M1 3 

M2_1 4 
M2_1 4 
M3 5 
M4 6 
M5 3 
M6 4 
M7 6 
M8 5 
M9 4 
M10 3 
M11 3 
M12 2 

 
Table B.2.  
Cost of production 

machines Cost of production($) 
M1 3 

M2_1 4 
M2_1 4 
M3 5 
M4 6 
M5 3 
M6 4 
M7 6 
M8 5 
M9 4 
M10 3 
M11 3 
M12 2 

 



 

22 

Appendix C: Layout designed 

In cell 2 according to operation and products flow chart diagram machine 4, machine 5, and machine 
6 are excited. In this cell stemming and supporting wire mounting and filament mounting are per-
formed. 

 
Fig. C.1.  Layout designed for cell 2 

 

On both lamps in cell 3 sealing, vacuuming and ageing operations are done. By putting the queue before 
the machine can be prevented from entering addition product after passing the specified volume of each 
lamp.  
 

 

Fig. C.2.  Layout designed for cell 3 
 

In cell 4 according to operation and products flow chart diagram machine 10 and machine 11 are ex-
cited. 

 

Fig. C.3.  Layout designed for cell 4   

 

© 2017 by the authors; licensee Growing Science, Canada. This is an open access ar-
ticle distributed under the terms and conditions of the Creative Commons Attribution 
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