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Abstract In case a paradigm is introduced to improve the
operation of manufacturing systems, it is important to
anticipate the performance of the system before expensive
and time-consuming implementation. In this study, we
provide the use of Petri nets in order to quantify the possible
advantage of kitting feeding method in an assembly line
through a case study. In particular, Petri nets have been
developed through the integration of the resource-oriented
and process-oriented modeling approaches and then a
detailed quantitative analysis of the current and proposed
system have been performed. The results and the analysis
obtained from the Petri nets are used to give an idea about
the anticipated performance of the proposed system before
a possible implementation. Therefore, results can easily
be used to aid decision-making.

Keywords Petrinets - Kitting - Simulation - Performance -
Assembly line

1 Introduction

Manufacturers should adapt to changes and innovations in
the production environment in order to achieve and main-
tain competitiveness and remain competent in the market.
Particularly, companies employing mass-customization

>4 Reza Vatankhah Barenji
reza.vatankhah @hacettepe.edu.tr

Department of Industrial Engineering, Hacettepe University,
Ankara, Turkey

Department of Mechanical Engineering, Massachusetts Institute of
Technology, Cambridge, MA, USA

paradigm should stick to this idea in order to make each
of their process effective, efficient, and lean. More specif-
ically, production systems should be very careful about
the design and operation of their assembly lines and
should utilize the appropriate principles and tools that
might enable the assembly processes more balanced on
material feeding and handling [1]. Among material
feeding methods, line side stocking, kanban, and kitting
frequently used on assembly lines [2]. A special attention
has recently been given to kitting method where the stations
are feed by kits of components aiming to uninterrupted
availability of components [3, 4]. Kitting in some cases were
reported as appropriate feeding method for assembly
lines [5-7].

One possible way for employing a new paradigm
(particularly the kitting system of interest) before its
implementation is the use of proper modeling and analysis
methods to explore, predict, or foresee the behavior of the
new system without disrupting ongoing operations of the real
system or committing resources for its acquisition [8]. These
methods should help understand how the real system will
operate rather than how experts think and even whether the
real system in operation needs a radical change or not. Petri
net is a powerful graphical and mathematical tool, especially
used to model and analyze concurrent, parallel, distributed and
resource sharing systems, enabling easy visualization of
complex systems [9]. Petri net is used to analyze various
qualitative and quantitative aspects of the systems such as
deadlocks or overflows and throughput or utilization [10, 11].

In this paper, through a case company, Petri nets are used to
quantify the possible advantage of kitting feeding method in
an assembly line. More specifically, Petri nets of the assembly
line with current feeding method (i.e., line side stocking) are
provided and give a deep situation analysis. Upon a detailed
investigation of the processes and the results of the Petri nets,
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kitting feeding method is offered to improve the processes
of a station. The performances of the current and
proposed system have been compared. For modeling,
combination of process-oriented and resource-oriented
modeling approaches are used. Using the results from
the Petri nets of both systems, we quantify the advantage
of using kitting method in our case company.

The rest of the paper is organized as follows: Section 2
provides a literature review on the Petri net models and the
kitting systems, revealing the main contribution of the study.
Section 3 presents the case study. In particular, a brief
overview about the case organization, problems observed
thereby, the Petri nets and the analysis of the current and the
proposed system. Section 4 highlights the discussions on the
results and some concluding remarks.

2 Literature review
2.1 Petri nets in assembly line

Petri net is a mathematical and graphical tool used to model,
analyze, and design the discrete event systems [12]. Zhang
et al. [10] and Moore and Gupta [11] discussed the use of
Petri nets to provide a formal model for representing the
internal relations, practical constraints, and monitor the
current state in production environments. Moreover, Barenji
et al. [13] claim that Petri nets have the capability to reflect all
the physical details of a manufacturing system to a virtual
testing platform and it is possible to use this testing plat-
form in wide domain of applications. In some literature,
Petri nets are used along with optimization algorithms
and/or heuristics in assembly systems to find optimal/
suboptimal solutions for the relevant problems. As exam-
ples, Kilincci and Bayhan [14] and Kilincci [15] proposed
Petri nets based algorithms for two versions of the simple
assembly line balancing problem aiming to minimize the
number of workstations for a given cycle time and the
cycle time given the number of workstations, respectively.
In both studies, Petri nets were used to assign tasks to
stations; the performance of the algorithms was found to
be superior when compared with other heuristics in the
literature. Weigert et al. [16] utilized Petri nets in mixed
integer programs and heuristic simulation-based optimiza-
tion methods for the optimal scheduling problem and em-
phasized the exploration of the combination of these two
methods especially for large scale problems. Su et al. [17]
proposed a Petri nets based heuristic for the line balancing
problem of a mixed model assembly line. In particular, a
P-invariant algorithm based on the Petri nets used to
describe the task precedence relationship was presented
to minimize the number of workstations, which was fur-
ther used to minimize the cycle time.
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Petri nets in some literature is used to deadlock analy-
sis and deadlock prevention policies in assembly systems.
Wu et al. [18] used the resource-oriented Petri nets to
model the deadlock in assembly operations and proposed
a deadlock control policy. Zhao and Li [19] developed a
deadlock prevention policy for a class of Petri nets of a
flexible manufacturing system with both assembly and
disassembly operations. Weigert and Henlich [20] present-
ed the use of Petri nets to simulate the scheduling of
assembly operations to identify the potential deadlock sit-
uations and to improve the prediction of due date keeping
as well as to optimize the workflow of the assembly sys-
tems. Hsieh [21] proposed a class of Petri nets for
assembly/disassembly processes with unreliable resources
where the failures are modeled by perturbations in a nom-
inal marking and proposed conditions characterizing tol-
erable perturbations. Hu and Zhou [22] developed a new
type of Petri nets to ensure the synchronization in the
assembly operations of automated manufacturing systems.
This Petri net was further utilized to develop a mathemat-
ical program in order to identify the deadlocks and re-
move them iteratively, eliminating the enumeration of
huge size deadlocks. Recently, Hou et al. [23] developed
a deadlock prevention policy for a class of generalized
Petri nets modeling flexible manufacturing systems with
machining, assembly, and disassembly operations. In particu-
lar, a polynomial complexity control policy for non-blocking
supervisors was established by properly adjusting the resource
allocation.

2.2 Kitting feeding method in assembly line

A kit is defined as “a specific collection of components and/or
subassemblies that together (i.e., in the same container) and
combined with other kits (if any) support one or more assem-
bly operations for a given product” and is considered as an
alternative feeding policy to line side stocking feeding system
[24]. A traveling kit concept requires that the kits, transport to
the first station on the line and then move along the line
together with the product being assembled, whereas the
stationary kit concept delivers the individual kits holding the
required parts to the specific workstations [25]. The effect of
the kitting feeding method on the assembly time and utiliza-
tion of this effect to improve the kitting and/or assembly pro-
cess was also widely investigated in the literature [26].
Hanson et al. [27] studied how kitting and the continuous
supply differ in the time spent for picking up the parts and
illustrated that the time associated with kitting is significantly
shorter than that of continuous supply due to shorter distances
between the assembly object and the parts presentation and
shorter time spent for searching the parts. Hua and Zhou [28]
proposed a clustering algorithm and a cluster assignment
method based on filling curves to minimize the travel time
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to collect the parts in circuit board assembly operations
and presented that their approach reduces travel distances
and hence the travel time. Gunther et al. [29] focused on
the problem of minimization of the total worker time in an
assembly system using the kitting idea and presented a
heuristic for the job and machine selection procedures
for large scale problems. Christmansson et al. [30] pro-
posed an effective material-to-picker approach as an alter-
native method to picker-to-material approach to reduce
the time and physical workload. Hanson et al. [31] dealt
with the design of kit preparation systems in small areas
and showed that there is a strong advantage associated
with batch preparation compared to single kit preparation
in terms of man-hour efficiency. Hanson and Medbo [32]
studied the impact of the proportion of parts included in
kitting on the assembly time and illustrated through case
studies that the potential reduction in the time picking up
the parts by kitting does not always end with a reduction
when only a proportion of parts are kitted.

Brynzer and Johanson [2] focused on the impact of
work organization, location, and method of order picking
activity, information system and equipment requirements
on several performance measures, and illustrated that
picking efficiency is mostly affected by the product struc-
ture during the design of picking information and decision
of the storage assignments. On the other hand, Kilic and
Durmusoglu [33] proposed a mathematical model to find
the optimal number of workers and kits to be carried to
the workstations subject to capacity constraints for kitting
trailers, kit boxes, and area of kitting space.

2.3 Contribution of the study

The current literature usually uses Petri nets as a supple-
mentary tool in order to develop mathematical programs
while trying to solve the well-known scheduling or line
balancing problems in the manufacturing system or as a
means for the development of new Petri nets usually for
deadlock analysis. However, a detailed quantitative anal-
ysis of a manufacturing system is possible by Petri nets;
this application is usually ignored in the literature. This
study improves the previous works in several aspects.
First, we provide a detailed investigation of the current
manufacturing system using Petri nets, which highlights
the problems and areas for improvement in the system.
Although some of these problems and areas can also be
observed very easily after a short examination of the
manufacturing system at the case company; however, it
is important to quantify these problems and give specific
performance measures. Second, to the best of our knowl-
edge, this is the first study that integrates Petri nets and
kitting method on an assembly line. In particular, a model
of an assembly line with kitting has been developed in

this study. Last, the results and the analysis obtained from
the Petri nets for the assembly line with kitting are used to
give an idea about the anticipated performance of the pro-
posed system before a possible implementation. Therefore,
these results can easily be used to aid decision making.

3 Case study
3.1 General information about the case organization

Turkey is a developing country and hence, the demand
for electricity is expected to increase in the near future.
In a report prepared by Turkish Electricity Transmission
Company, forecasts indicate that there will be an aver-
age 3.17% increase in the base demand for electricity
between 2017 and 2026 [34].

XYZ Corporation with the exact name to be kept confiden-
tial is a manufacturer of medium voltage electrical equipment
for distribution purposes. Having a relatively long industrial
experience, it has a significant role in the Turkish electrome-
chanical industry and due to the forecasted increase in demand
for electricity, the operation of the company will be more
important in the upcoming years. The company performs all
its activities in an indoor production area of over 60,000 m>
located in two countries. Since the company is producing on a
make-to-order basis and specifications of customer orders
vary, XYZ Corporation has a mass-customization philosophy.
In this study, we have focused on switchgears assembly line
since the processes on this line are not fully automated.

3.2 Problems

Having a glance at the switchgears assembly line highlights
the following problems and associated wastes, which might be
eliminated by employing appropriate lean production tools.

* Feeding and handling of components of the assembly line
are subject to many wastes, mistakes, and problems about
component order management. There is a line side stock-
ing system in the line supported by a completely manual
material handling system, although there are AS/RS sys-
tems to store the components. Since the variety of compo-
nents is high and sizes are very small, AS/RS system is
able to refund the components based on only sets. The
refunded components from AS/RS must be stored at the
station storages which are usually racks or cans. It is the
responsibility of the warehouse operator to feed the com-
ponents according to the pre-determined amount and pe-
riods. However, cans or racks are usually filled by the
warehouse operator when operators see cans or racks al-
most empty. Since the exact number of components on the
racks or cans is usually not clear, more parts than required
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are filled which might lead to starving at the other stations.
Some cans allocated for small parts are not large enough
for daily productions and hence, two or more trips are
required for some parts in a day. If these trips cannot be
caught up, the production stops and hence, operators
sometimes themselves go to the warchouse to get the
required parts.

* There is no structural assignment of tasks to the oper-
ators in this assembly line. The operators give their
own decisions about the assignments. Sometimes, a
single operator completes the assembly of one board
and sometimes one board goes through a few opera-
tors in the flow. Since there is no regular work order
for the processes, the operators themselves decide the
next process to carry out.

*  Unnecessary and non-value added processes are observed
to be a source of waste of time. The work area is usually
full of many unnecessary or unrelated components and
tools. It is observed that operators usually lose a signifi-
cant time to reach the necessary part.

* Some of sub-assembly processes can be performed
only by specific expert operators. Hence, the perfor-
mance of the system depends on the performance of
these operators and an imbalance of the processes
across the stations is observed. In addition, the assembly
line has a bottleneck at the stations requiring expert oper-
ators such as electric board assembly station with a signif-
icant number of processes. Therefore, along with all prob-
lems explained above, the production amount is mainly
determined by the capacity at the electric board station and
cannot reach the target value.

It can also be concluded that all the above-mentioned
wastes and problems are somehow related to some of the
others. For instance, the first, third, and the fourth
problems might arise from the lack of an appropriate
“production environment” and absence of a “manufactur-
ing execution system” and/or it may arise from an im-
proper layout of the manufacturing system. The first and
the third problems might be a negative outcome of an
inappropriate “feeding system.” In a production system
of complex product with high variety of product in low
volume with large number of components, the suggested
feeding method is kitting [3, 4, 26]. The kitting method
might also be a part of the solution to the second problem
since in the kitting system; the required components in the
station are loaded on a kit based on the order of the as-
sembly process. In addition, the need for expert operators
at some stations might also be expunged. Therefore, it is
anticipated that, at the low level, the performance of the
switchgears assembly line and, at the high level, the order
management system of the case company can be improved by
introducing a kitting system.
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3.3 Description of the current system

After an initial look at the manufacturing system, the next task
was to analyze the system and obtain performance measures
of some stations so that the effect of these stations on the
throughput and utilization of the assembly line can be
explained. Stations with high and low utilization rate will be
used as problematic stations that need improvement and pos-
sibilities to enhance the performance will be identified.

The layout of the switchgears assembly line is presented in
Fig. 1. Most of the 19 stations on the assembly line operate
manually; only the metal sheet workstations are fully automat-
ed. Manual stations are located at two circular assembly lines,
through which the workpieces have to go sequentially.
Workpieces are transported on automatic conveyors and
manual carriers. The red lines represent the transfer of the
workpieces or components between the storage areas or ware-
house, whereas arrows depict the material transportation di-
rections between the stations. It should be noted that, due to
space limitations, the system is presented here with slight sim-
plifications. Detailed description and processing tasks of the
stations are not considered at this level of abstraction.

On the assembly line, 24 types of products with almost
similar shapes, but different specifications are produced. The
differentiated module on all products is the “Electric Board”
(EB). The specifications of the EBs vary depending on the
customer orders, but EBs of all types are produced in the EB
station by only a few specific operators. Table 1 presents the
yearly demand of the products and related average processing
times in the EB station. Product 1, product 2, and product 3 are
the common standard parts. The demands for these products
are relatively high, and because of the repetitive structure, the
operation time is lower when compared with the other
products.

3.4 Modeling and analysis of the manufacturing system
using Petri nets

Petri nets are used as a tool to model and simulate the corre-
sponding processes and material flow on the assembly line
and information flow between the low and the high level of
the company. A Petri net is a directed bipartite graph, in which
the nodes represent transitions (i.e., represented by bars) and
places (i.e., represented by circles). The directed arcs describe
places as pre/post-conditions for transitions (signified by
arrows). In addition, tokens (dotes within the places) are used
to simulate the dynamic and concurrent activities (firing
process). The weight of the arcs represents the number of
tokens to be removed from places in firing a transaction.
There are mainly two approaches for modeling manufacturing
systems with Petri nets: resource-oriented and process-oriented
methods.
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Fig. 1 Current layout of the manufacturing system

In resource-oriented method, the operations are represented ~ Resource-oriented modeling is an applicable method, espe-
by transactions and places represent the location of the corre-  cially to model information flow in a company and appropri-
sponding operation. Tokens show the raw materials and/or  ate to model close loop sequential flow manufacturing system
products that will enter the place or depart as an output.  without decision points. Process-oriented method, dedicates

Table 1 Demand of products in

year 2015 and processing times in Product type Demand Processing time Product type Demand Processing time

EB station (seconds) (seconds)
Product 1 2450 379 Product 13 531 580
Product 2 1888 407 Product 14 499 699
Product 3 1631 387 Product 15 487 653
Product 4 888 511 Product 16 457 639
Product 5 823 520 Product 17 401 718
Product 6 792 494 Product 18 374 679
Product 7 734 562 Product 19 374 638
Product 8 731 538 Product 20 351 652
Product 9 621 567 Product 21 305 614
Product 10 602 580 Product 22 299 601
Product 11 578 542 Product 23 274 581
Product 12 550 610 Product 24 248 645
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places to processes in connection with input and output trans-
actions. Firing in input and output transactions indicates the
beginning and end of the operation in the corresponding place,
respectively. Places in parallel with the operation place of the
stations are used for the availability of the resources (machine,
tools, operator, etc.) to ensure the realization of the operation.
Process-oriented modeling is a proper method, especially to
model the material flow in a flexible manufacturing system
where the material flow is on a close and/or open loop of value
adding processes and the decision points are available in many
nodes. The system independently must take decisions based
on WIP in these nodes to fowl up the parts to the manufactur-
ing lines. Process-oriented is able to show the control points
such as sensors. However, the integration of the control sys-
tem to manufacturing system is not possible and must be
modeled separately. Therefore, the effect of the decision on
the control points on the material flow is not possible to
simulate.

To overcome the issue, the approach used here is an inte-
grated version of the resource-oriented and process-oriented
methods. In this approach, the information flow, i.e., the con-
trol system of the manufacturing system, is modeled by the

Table 2 Details about Petri net modeling approaches

resource-oriented method, whereas the process-oriented meth-
od is employed to model the material flow within the shop
floor. In order to integrate these two models, a new type of
place, namely “control place” is used in the shop floor model.
The “control place” represented by two concentric circles is
directly connected to a transaction as an input place in the
shop floor model. Therefore, the “control places” in the model
act as signals from the control system and whenever the con-
trol system wants to run an operation, a token will be charged
to the corresponding “control place” so that the transaction
will be enabled or will be fired. Furthermore, in shop floor
modeling, in order to make the model simpler and clearer,
places are grouped under four categories, namely, input, out-
put, operation, and resource availability places. In the model,
input places are used to demonstrate the storages and buffers
that hold the raw materials. Output places are used to represent
the storages of the products. Operation places are used to
demonstrate processes in the manufacturing system, and
resource places are used to indicate the availability of the
resources for the corresponding operation. The details of
resource-oriented and process-oriented methods along with
the developed approach are presented in Table 2.

Modeling
Graphical representation Application area
approach
Resource- Q I @ I General application and
Oriente d Home to Opl Opemion't Home to Opll Gpentin' control System
(information flow)
Process- @ @ Shop floor
. Available Resource for Opl Available Resource for Opll .
oriented I Q | Q I (material flow)
Start Opl Opention | End Opl Openston’ll End Opll
Start Opll
Used . @ Integration of shop
Available Resource for Opl Available Resource for Opll
approach @ I Q I Q I @ floor and control
St Opl Operation 1 Eind Opl Operation 11 Ead Opll System
© Start Opll
Control Opl Control Opll
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Figure 2 presents the structural Petri net model of the
switchgear assembly line. It should be noted that only workpieces
to be processed are considered as tokens in the model and no
resource availability places are used at this level of abstraction.

In the model, P7, P13, and P20 represent storage areas 1, 2,
and 3, respectively, whereas P6, P30, and P12 indicate the ware-
houses. As indicated above, all stations are represented by a
resource place and a transaction which are connected by two
reverse arcs. Places of different stations are connected using
transactions which model the handling processes among these
stations. Twenty-four types of tokens each demonstrating a dif-
ferent product type are defined for P7, P13, and P20 places. The
processing times for all tokens in the stations are fixed except for
the EB station (i.e., P22 and T35). Recall that, as presented in
Table 1, the demand for different product types are different and
in the simulation model, the demand for the products and hence
the processing times at the EB station for the tokens are gener-
ated randomly according to the empirical distribution determined

Fig. 2 Petri net model of the switchgears assembly line

L

by the demands. The simulation model is run for 700 days as the
warm-up period determined by the Welch method and addition-
ally 7000 days as the steady-state period to estimate the average
lead time, average throughput rate, and average repeatability.
The results obtained from the Petri nets were verified through
the comparison with the real performance measures and hence
the robustness of the developed model was validated to represent
the real system since it was confirmed that the model works as
specified in the regular operation of the assembly line. The re-
sults of the Petri net simulation are summarized in Table 3.
The results of the simulation model helped us draw some
conclusions about the operation and performance of the
switchgear assembly line. Firstly, the EB station and station
14 have the lowest and the highest average throughput rate,
respectively (54.49 and 74.32). In contrast, the EB station and
station 14 have the highest and lowest value of average repeat-
ability (67.31 and 33.56%). Therefore, it is obvious that the
processes at the EB station and station 14 need improvements.
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Table 3  Performance measures of stations in switchgear assembly line

Station name Average throughput Average repeatability (%) Station name Average throughput Average repeatability (%)

rate (parts/day) rate (parts/day)
11 69.88 40.32 31 67.23 41.35
12 67.61 45.78 32 64.37 43.95
13 63.46 43.68 33 66.35 46.78
14 74.32 33.56 34 67.34 40.91
21 69.73 58.96 35 68.64 43.78
22 68.88 40.44 36 66.37 47.35
23 69.10 43.93 37 69.98 42.98
24 65.32 40.35 EB 54.49 67.31
25 67.95 46.37 38 66.66 47.31
26 68.58 46.98

Since station 14 is fully automated, the reconfiguration of this
station is a very tough task. Hence, one possible way to im-
prove the assembly line is to change the feeding method of the
EB station form “line stock” to “kitting method.”

3.5 Modeling and analysis of the current and proposed EB
Station

The current EB station consists of seven process cells (cell 1
through cell 7) with resources (resource 1 through resource 7),
two input storages to load the hug size components (input 1 and
input 2), a single input storage for cables (input 3), one output
storage (output) for storing the final products, and five buffers
(buffer 1 through buffer 5) for the work-in-process inventory.
Each cell has a storage area to feed the required components and

associated resources. The work flow of any product is straight-
forward: “Base” must be processed by cell 1 and cell 2 followed
by cell 4 or cell 5 and “Cover” must be processed by cell 6. Cell
3 is in charge of sorting the “cables” and loading these cables to
cell 4 or cell 5. Cell 7 is the final assembly process of the
products. The developed model of the current EB station is
presented in Fig. 3 with a summary of the details in Table 4.

As mentioned earlier, a kitting system is proposed to im-
prove the performance of the EB station and hence, a universal
kit with an extension side is designed so that it can be adjusted
to different products. The kit is designed such that cavities are
placed according to the process order. This helps decrease the
processing time at the cells since the operator does not have to
spend time to decide the next task or component or to search for
the required part.

Fig. 3 Petri nets of the current EB station
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Table 4  Details of places in the Petri net model of the current system

Place name Notation Place definition Type of place Place name Notation Place definition Type of place
Cell 1 P2 Install power Operation Buffer 3 P31 Buffer for base with cables Operation

on base
Cell 2 P3 Install fan on base Operation Buffer 4 P14 Buffer for a WIP Operation
Cell 3 P6 Sort cables Operation Buffer 5 P36 Buffer for a WIP Operation
Cell 4/ P4/P5 Install cables to base Operation Resource 1 P19 Resources/tools for cell 1~ Resource availability
Cell 5
Cell 6 P9 Install switches to cover Operation Resource 2 P20 Resources/tools for cell 2 Resource availability
Cell 7 P8 Final assembly process Operation Resource 3 P18 Resources/tools for cell 3 Resource availability
Input 1 P1 Storage for plate of the base  Input Resource 4 P32 Resources/tools for cell 4 ~ Resource availability
Input 2 P7 Storage for cables Input Resource 5 P33 Resources/tools for cell 5 Resource availability
Input 3 P10 Storage for plate of the cover Input Resource 6 P17 Resources/tools for cell 6 Resource availability
Output P11 Storage for final product Output Resource 7 P22 Resources/tools for cell 7 Resource availability
Buffer 1 P27 Buffer for base Operation Control 4 P34 Decision point for cell 4 Control
Buffer 2 P28 Buffer for cables Operation Control 5 P35 Decision point for cell 5 Control

In the proposed EB station, all stocks of the cells are
detached to cell 3 and the components required at cell 1, cell
2, cell 4/cell 5, and cell 7 are loaded to the kit at cell 3. This
obviously provides a decrease in the operation time at these
cells whereas an increase at cell 3 is realized. The Petri nets of
the proposed EB station with kitting are presented in Fig. 4. In
this model, all details of the places are the same as presented in
Table 4 except with an additional input place (P7) presenting

The Petri nets of the current and the proposed EB stations
are run using the process time of the product 1 for which the
individual processing times are available and the total simula-
tion time is 29,700 s which correspond to the total daily work-
ing time of the operators at the EB station.

Figure 5 demonstrates the operational performance of
the cells of the current and proposed EB station with
kitting and presents the occupancy of the cells by the

the components of the kit.

tokens over time.

Fig. 4 Petri net model of the proposed EB station with kitting
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Fig. 5 Performance of the cells of the current and developed EB station with kitting

In the current EB station, cells 1-3 and cell 6 finalize their
jobs after 6700th, 6700th, 1700th, and 16800th seconds in the
day whereas the other cells work throughout the whole day. In
the proposed EB station with kitting, some of the initial oper-
ations of cells 4 and 5 were shifted to cells 1 and 2 and hence,
the time for finalization of jobs at cells 1 and 2 on the day
increased to 11,000 s. In the current EB station, this allocation
was not possible since operations were already engaged to the
components. The occupancy at cell 6 is the same in the
proposed EB station since the component size of this cell is
already big and hence, it is not possible to use kitting.

@ Springer

The operation of the input places for the current and pro-
posed EB stations is presented in Fig. 6. The raw material in
inputs 1, 2, and 3 decreases in a piecewise linear fashion until
6500th, 1700th, and 16400th seconds, respectively. Thereafter,
the token values are always zero, indicating that there is no raw
material in inventory. The analysis of the output indicates that
the first EB is produced in the 1800th second and after that, the
number of produced EBs increase in a piecewise linear way
whereas the end of the day production quantity reaches 59
boards. From the historical data of the XYZ Corporation, it
was observed that daily achieved production amount of product
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Fig. 7 Performance of the buffers of the current and proposed EB station with kitting
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Table5 Comparison of cells under the current and proposed EB station
with kitting

Cell name Average throughput rate Average repeatability

(parts/day) (%)

Current Proposed Current Proposed

system system system system
Cell 1 97.53 76.65 222 56.1
Cell 2 102.53 77.65 13.3 57.2
Cell 3 149.45 79.62 59 61.2
Cell 4 29.95 35.95 99.2 68.5
Cell 5 30.23 35.88 97.5 67.5
Cell 6 74.56 74.52 56.0 56.0
Cell 7 72.32 73.25 59.4 68.7

1 is only 50 and hence, the company deviates by approximately
20% from their plans. In the proposed EB station, no change is
observed for input 3. Since the kitting system increases the raw
material feed speed from 6500 to 10,500 in input 1 and input 2,
the proposed EB station is more reconfigurable for order
changes and WIP is lower than the current EB station. The
output in the proposed EB station indicates that the first EB is
produced before 1800th second and increasing in a piecewise
linear fashion, the production quantity reaches 74 boards at the
end of the day.

Figure 7 presents the performance of the buffers of the
current and proposed EB station. If the value becomes 1
instantaneously and zero immediately after (buffer 1 and 5
in the current, buffer 5 and kit buffer in the proposed EB
station), the intermediate part or WIP will never wait at that
station. In the current EB station, buffer 2 and 3 require high
capacities of 44 and 46, respectively. In the proposed EB
station, buffer 2 is not required and the capacity of buffer
3 significantly decreased. A significant difference in the
capacity of buffer 4 was not observed.

In addition to the above comparison, the current and
proposed EB stations were also compared through the average
lead time of product 1, average throughput rate, and average
repeatability of the cells. As presented in Table 5, in current
EB station, cell 1, cell 2, and cell 3 have low; cell 6 and cell 7
have moderate; and cell 4 and cell 5 have very high average
repeatability and this obviously indicates that the workload in
the EB station is not well distributed evenly among the cells
and the average repeatability of the cells is calculated as
50.5%. On the other hand, the average repeatability of the

Table 6 Comparison of the current and proposed EB station with kitting

cells in the proposed EB station with kitting is much closer
to each other. This highlights the workload and is well distrib-
uted evenly among the cells. Additionally, the average repeat-
ability of the cells increases up to 62.17%.

Finally, the current and the proposed EB station were
compared through the model for all three overall perfor-
mance measures. As presented in Table 6, the proposed
EB station with kitting system provides a lower average
lead time and average repeatability whereas the average
throughput rate is higher. Therefore, it is anticipated that
XYZ Corporation would benefit from implementing the
kitting system.

3.6 Estimation of the performance of the switchgears
assembly line using kitting feeding method

The anticipated performance (i.e., lower average lead time
and average repeatability and a higher throughput rate) for
EB station indicates that switchgear assembly line might
get benefits from employing kitting feeding method on
EB station. In switchgear assembly line simulation, the
processing time for “as is” EB station are given randomly
according to the empirical data. However, the processing
time of the “to be” model is obtained empirically as 305 s
for product 1. Therefore, the processing times of the “to
be” model for all the products must be estimated. In order
to estimate the average processing time, the learning
curve is utilized since the manufacturing system deals
with highly repetitive tasks and the cumulative average
(CA) version of the learning curve is used to estimate
the processing time on proposed EB station [35, 36].

Let A, be the average time required to produce the first n
units where A; refers to the time to produce the first unit.
Then, denoting the slope of the curve by b, the CA version
of the learning curve states that A, =An”. To estimate the
factors A; and b from the available data presented in
Table 1, it is assumed that the learning proceeds at the same
rate for all these products and the processing times to produce
the first unit of these products are the same. Using a logarith-
mic transformation for the CA version and performing a
simple linear regression, the estimators of A; and b were
significantly found to be 2945.400 s and —0.2590, respective-
ly, with an R? value of 0.782. Hence, the learning curve
function for the current manufacturing system can be
expressed asA, = 2945.4n %?°°°_ Similar method is used to
predict the average processing time of products on the

System Average lead time (minutes) Average throughput rate (parts/day) Average repeatability (%)
Current 11.83 54.49 6731
Proposed (with kitting) 10.22 67.32 49.31
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proposed EB station. It is assumed that the average processing
time of product 1 (i.e., 305 s) on proposed EB station is
obtained for a production quantity of the yearly demand. In
addition, it is assumed that the time required to produce
the first unit of the standard products in proposed EB
station (i.e., A; = 2945.400) to be the same as the current
EB station. Based on these assumptions, the slope of the
learning curve with kitting is calculated as b = —0.2906
indicating that the CA learning curve for the proposed
system with kitting is A, =2945.4n %%, When com-
pared with the CA learning curve model of the current
system, since the absolute value of the b factor is larger
in the proposed system—indicating a faster learning
rate—it seems that the kitting will help us more as we
produce more and more units. The comparison of the
CA learning curves for the current and proposed system
is illustrated in Fig. 8. Table 7 shows the estimated
processing times for the proposed EB station.

The estimated processing time for EB station is used
for simulating the Petri nets of switchgear assembly
line. For constructing same status in assembly line the
randomly generated products order used on “as is” mod-
el is used on “to be” model. “To be” model is run for
700 days as the warm-up period and additionally ten
times 7000 days as the steady-state period to estimate
the average lead time, average throughput rate, and av-
erage repeatability. The results obtained from “to be”
model were verified with the results of “as is” model.
The results of the Petri net simulation are summarized
in Table 8.

Comparing the results in Tables 3 and 8, only the
performance measures of EB station, 36 and 37 stations
have changed significantly, as expected. A significant

Fig. 8 Comparison of learning 750

Table 7  Estimated processing time for the proposed EB station

Product type Processing time Product Processing time
(seconds) (seconds)
Product 1 305 Product 13 476
Product 2 329 Product 14 484
Product 3 343 Product 15 488
Product 4 410 Product 16 497
Product 5 419 Product 17 516
Product 6 423 Product 18 527
Product 7 433 Product 19 527
Product 8 433 Product 20 536
Product 9 454 Product 21 559

Product 10 459
Product 11 464
Product 12 471

Product 22 562
Product 23 576
Product 24 593

decrease in the average repeatability of the EB station has
been observed resulting in a significant increase in the
average throughput rate. Due to the higher average
throughput rate of the EB station, the average input rates
for the stations 36 and 37 following the EB stations
increase by kitting and hence the average repeatability of
these stations and average throughput rate both increase
significantly. In conclusion, the performance of the EB
station whose performance was not satisfactory is expected
to get better by the implementation of the kitting as a feed-
ing method. Additionally, the average throughput rate of
subsequent stations is also expected to increase having the
resources more utilized.
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Table 8 Performance measures of stations in switchgear assembly line with EB station using kitting

Station name Average throughput Average repeatability (%) Station name Average throughput Average repeatability (%)
rate (parts/day) rate (parts/day)
11 69.86 40.28 31 67.20 41.25
12 67.59 45.82 32 64.40 43.85
13 63.49 43.75 33 66.39 46.65
14 74.31 33.60 34 67.38 40.85
21 69.75 58.91 35 68.65 43.80
22 68.84 40.58 36 69.52 49.35
23 69.16 43.85 37 74.21 45.98
24 65.32 40.52 EB 63.35 56.21
25 67.91 46.38 38 66.68 47.35
26 68.60 47.08
4 Conclusion 3. Fathi M, Rodriguez V, Alvarez MJ (2014) A novel memetic

In this study, we provide the use of Petri nets in order to
anticipate possible advantage of kitting feeding method in an
assembly line using a case in Turkey. In particular, the Petri
nets have been developed through the integration of the
resource-oriented and process-oriented methods and a detailed
quantitative analysis of the current manufacturing system has
been performed. The problems of the case company on switch
gear assembly line observed after some investigations, since it
was very important to quantify the problems and found spe-
cific performance measures. Petri nets are used as tool for
quantitative analysis the assembly line, which is a usually
ignored application area in the literature. Upon the detailed
analyses of the results, kitting feeding method was suggested
as a feeding method at a manual station whose performance
was not satisfactory. In order to foresee the advantage of the
kitting method, the Petri nets of the station (i.e., EB station)
were also developed. The simulation results indicated that the
proposed system with kitting performs better than the current
system with a pronounced difference at the particular EB and
subsequent stations and it is anticipated that the switchgear
assembly line will benefit from implementing the kitting
system. The effect of the random processing times on the
performance of a manufacturing system with kitting feeding
method still needs further analysis.
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