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B Introduction

Most real-world systems are too complex
to allow realistic models to be evaluat-
ed analytically, thus these models must
be studied by simulation. In simulation
a computer is used to evaluate a model
numerically, and data are gathered in or-
der to estimate the desired true character-
istics of the model. Simulation represents
one of the tools most frequently used to
observe the behaviour of a production
system in order to highlight its efficien-
cy levels and evaluate new management
solutions in a relatively short time [1].

A system is defined as a collection of
entities e.g., people or machines, that act
and interact together toward the accom-
plishment of some logical end. Systems
are categorised as two types: discrete and
continuous. A discrete system is where
the state variables change instantaneous-
ly at separate points in time. A continu-
ous system is where the state variables
change continuously with time. Dis-
crete-event simulation concerns the mod-
eling of a system as it evolves over time
by arepresentation in which the state
variables change instantaneously at sep-
arate points in time [2]. Discrete-event
simulation has played a significant role
in evaluating the design and operation-
al performance of manufacturing sys-
tems [3-5]. Successful applications of
simulation in many practical real-world
problems have proved its effectiveness
in approaching various problems in the
manufacturing sector [6].

All simulation studies are basically car-
ried out in 6 steps [7]:
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Abstract

In this study, a simulation study was carried out in order to increase the production efficiency
of a company that produces hoodies. The simulation technique has been included in many
studies for line balancing in the apparel industry. However, in this study, unlike others, an
algorithm that can be easily applied is proposed for the software practitioner to use in the
alternative model development process in order to increase the efficiency of an existing
production line. Based on real production line data, a waves algorithm was applied in the
simulation model, whose verification and validity processes were completed. In the results
obtained with the help of the waves algorithm (acting according to two different assignment
scenarios), it was determined that the average production values per person had increased.

Key words: apparel industry, line balancing, simulation, productivity, waves algorithm.

d
001 006
ooz+003 007+008+009+010
004+oos 011+012

013+014
015+016

Sleeve  5174018+019

\/

025 @ 022+023
026+027+028 @ 024

033+034+035

Quality Control Process

Figure 1. Work flow of hoodies.
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1 — Problem analysis and information
collection

2 — Data collection for estimating model
input parameters

3 — Model construction by using a soft-
ware

4 — Model verification and model valida-
tion

5 — Designing and conducting simula-
tion experiments

6 — Output analysis and final recommen-
dations

Since 1989, many simulation studies
have been carried out in the field of tex-
tile and apparel production. The biggest
advantage of simulation studies is that
they handle the stochastic structure of
production systems correctly. The most
common study topics are as follows: line
balancing in the apparel industry, pro-
duction analysis in the variable demand
condition in the finishing area, determin-
ing production bottlenecks in the knitting
and weaving area, and problems related
to the worker-machine relationship in
yarn production [8]. Studies especially
in the field of apparel focus on the fol-
lowing subjects: exploring various pro-
duction scenarios in a trouser plant [9],
understanding the operational character-
istics of modular manufacturing [10], an-
alysing the modular manufacturing sys-
tem [11], applying labour flexibility on
the production line [12], analysing differ-
ent production scenarios [13], reducing
the cycle time [14], assessing the effects
of different production configurations on
flow time and production capacity [1],
analysing cellular manufacturing [15],
and line balancing [16-23].

Line balancing optimisation is generally
performed in simulation studies in the
process of developing alternative models
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Figure 2. Technical drawing of hoodies.

after the validity phase. In line balanc-
ing optimisation in a previous studies,
researchers dealt with assembly line bal-
ancing using simulation and optimisation
methods, but independently [3]. In this
study, unlike others, a new process called
awaves algorithm that can be easily
used by software practitioners has been
developed in order to create a more ef-
ficient production line. After using real
data obtained from a company that pro-
duces hoodies in the model construction
process, the average hourly production
per operator was used as a performance
indicator in an alternative model devel-
opment process. The results obtained for
two different scenarios with the help of
a waves algorithm were examined.

B Material & method

In this study, a most repeated pattern
of hoodies produced on a straight pro-

Figure 3. SIMULS model of hoodie production.
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duction line was examined. According
to factory data, this model has Stand-
ard Allowed Minute (SAM) of 22.63 s.
The reason for choosing a frequently
repeated model is that the possibility of
oversight in the verification and valida-
tion phases is higher when the simulation
model is constructed. The work flow and
technical drawing of the model are given
in Figure 1 and Figure 2. In Figure 1,
the task numbers and operator numbers
are shown with the “T” and “O” initials,
respectively.

In order to determine the statistical dis-
tribution of each operation, a time study
was carried out. 30 measurements were
taken for each operation. Among these
measurements, daily activities such as
yarn change and yarn breakage were also
included. A total of 18 different operation
values were collected for the simulation
model. Statistical distributions were then
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obtained by evaluating all these values
with the Stat-Fit module of SIMULS
software. The Stat-Fit module automati-
cally calculates the most appropriate dis-
tribution type for the current values.

All the applications of the study were
realised in SIMULS software, which is
a computer package for discrete event
simulation from the SIMULS8 Corpora-
tion. Its intuitive graphic interface ena-
bles the user to create a visual model of
the system being investigated by drawing
simulation objects directly on the screen.
There are four main building blocks (start
point, queue, activity, end point) and also
two important elements (work items
-also known as entities-, resources) [24].

A simulation model of the production
line was developed under the following
assumptions:
The queuing discipline, First-In-First-
Out (FIFO) is employed in all queues.
Setup times are ignored.
The assembly line is never starved.
All operation times for sewing oper-
ations include ‘insignificant break-
downs’, like thread breakage.
Based on analysis of past data, the de-
fective rates of all operations are in-
cluded in the simulation model (Fig-
ure 3).

The verification process of the main
model is done by examining the model
output for reasonableness under a varie-
ty of settings of the input parameters and
verifying that what is seen in the anima-
tion imitates the actual system. Valida-
tion of the main model is performed us-
ing the different types of hypothesis tests
in Figure 4.

Algorithm developed

The main purpose of the algorithm pre-
pared for the study is to create alternative
models by the program user to increase
the efficiency of the current production
system. The basic criterion of system ef-
ficiency is the average hourly production
per operator. Each model is run 30 times,
therefore the average hourly output is
given by the SIMULS program. Depend-
ing on the number of operators used in
each alternative model, the average hour-
ly production per operator is calculated
with the help of Equation (1) below.

Average hourly production per operator =

__Average hourly production (30 model runs)
- number of operators in model
)
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Figure 6. Normality test results for system and base model.

Another important point in the applica-
tion of the model is the cycle time. Each
alternative model has a unique cycle time
depending on the number it produces
Equation (2).

Production time (3600 seconds)

Cycle time =
y Total number of production

@)

The importance of the cycle time for the
algorithm is as follows: Since all the parts
to be produced in the waves algorithm
are fed excessively by the start point
operations of the model, the start point
operators are constantly working with
100% efficiency. Whether the operators
in question really create a bottleneck is
determined by comparing the average
operation time with the cycle time.

The waves algorithm is called as such
as it creates alternative models and re-
calls the movement of waves. After the
base model is run for the first time, the
efficiency values of all operators are
recorded. While it is aimed to remove
an operator from the operation group
which performs the same operations in
the going wave in a way that will not
create a bottleneck, the goal is to add
an operator to the operations that work
with a performance above 99% in the
coming waves (except the start point
operations of the model). After both
going and coming waves, the model is
saved with a new alternative name. If
there is no change in the average hourly
production per operator as a result of the
movement of the waves, the algorithm
is stopped, and the alternative that gives
the best result is selected.

Two scenarios were run for adding and
removing operators from the appropriate
operations. The optimistic scenario had
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Figure 7. Variance test results for system and base model.

been named “good waves”. Accordingly,
to add a new operator to the model, the
distribution of the fastest operator was
used from the operation group in which
the operator was located, while a slow
operator was selected when removing the
operator. In the pessimistic scenario “bad
waves”, on the other hand, the opposite
of the process mentioned was performed.
However, for both scenarios, if a previ-
ously removed operator was added with
the coming wave, the relevant operator
was added to the model with its own dis-
tribution. The waves algorithm is given
in Figure 5.

B Results

First, the durations of all operations
were calculated with the time study per-
formed in this research. In Table 1, time
values for the “TO1- Hood Topstitch”

operation are given as an example.
Then, by using Statfit software, different
distributions of different operators were
calculated for the same operations, since
different operators performed different-
ly (Table 2).

Validation of the base model is per-
formed using the different types of hy-
pothesis tests in Figure 4. First, both
base model and production line outputs

Table 1. Time values for “Hood Topstitch”
operation.

Hood topstitch values, second
19 17 15 17 14 14
14 15 14 15 15 17
14 14 14 15 14 14
14 15 14 15 15 17
14 14 14 15 17 19
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are tested for normality using ‘Minit-
ab 17’ software in order to compare the
hourly production rate. If the “p-value”
of these tests is less than the chosen
a-level, the null hypothesis can be reject-
ed and we can conclude that the popula-
tion is nonnormal. As is seen in Figure 6,
for both base model (p,,,4.; = 0.059) and
system (D = 0.242), the p-value is
greater than the a-level (0.05). Thus, all
data did not deviate significantly from
the normal. After this step, Levene’s and
Bonett’s tests were performed for com-
paring model and system variances, and
it was determined that the variances were
different (Figure 7). And finally, a t-test
was performed and the following con-
clusion reached; on average the hourly
production rate of system (M = 159.05,
SE=1.5) was more than base model
(M =156.47, SE =2.49). This, the dif-
ference was not significant t(34) = 1.67,
p=0.104>0.05. Base model validity
was provided.

Table 2. Statistical distribution of operations.

Operation Task Operator
Hood topstitch TO1 001
Hood overlock T02 002
Hood overlock T02 003
Hood strap attachment TO3 004
Hood strap attachment TO3 005
Pocket binding TO4 006
Pocket stitch TO5 007
Pocket stitch TO5 008
Pocket stitch TO5 009
Pocket stitch TO5 010
Shoulder stitch TO6 o1
Shoulder stitch TO6 012
Hood attachment TO7 013
Hood attachment TO7 014
Sleeve attachment TO8 015
Sleeve attachment TO8 016
Side stitch T09 017
Side stitch T09 018
Side stitch T09 019
Hemline stitch T10 020
Hem overlock T 021
Hem rib stitch T12 022
Hem rib stitch T12 023
Front body attachment T13 024
Sleeve rib preparation T14 025
Sleeve rip stitch T15 026
Sleeve rip stitch T15 027
Sleeve rip stitch T15 028
Sleeve rib attachment T16 029
Sleeve rib attachment T16 030
Sleeve rib attachment T16 031
Label stitch T17 032
Safety stitch T18 033
Safety stitch T18 034
Safety stitch T18 035
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Once the simulation model of the actu-
al system had been properly validated,
what-if scenarios were investigated con-
sidering the waves algorithm. Opera-
tor efficiencies of the waves algorithm
created for this study are given in Ta-
ble 3. Models G3*, B3*, B5* and B6*
were created in accordance with the
algorithm steps, even though there was
no change in the operator assignment.
Since 001, 006, 020 and O25 were ini-
tial operators, they continuously worked
with 100% efficiency. However, since
the cycle times of alternative models
were greater than the operation time of
the start point operators, a new operator
had not been assigned to the relevant op-
erations.

In Table 4, the best alternative models
were selected by considering the aver-
age hourly production per operator. As
a result of the application of good and
bad waves algorithms, alternatives G2

and B4 give the best output. The algo-
rithm stopped at the point where the
mean production rate per operator did
not increase.

B Conclusions

The use of simulation modeling and
analysis techniques enabled the exam-
ination of the hoodie production line of
an apparel factory. This process consist-
ed of data collection, data fitting, model
building, verification, validation, exper-
imental design, and statistical analysis.
Because simulation is the only effective
analytic technique that can be used to
examine the operation of a production
system without disruption or compro-
mising efficiency requirements, it can
be used in any production optimisation
study. However, it is not clear how prac-
titioners will make the current system
more efficient during the use of simu-
lation. In this study, a waves algorithm

Distributions
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was developed to close this gap. Basi-
cally, it was possible to produce alterna-
tive models with this algorithm, which
operates two different scenarios (good
waves & bad waves) in the assignment
to and removal of new operators from
the existing system. When the results

obtained on areal hoodie production
line are examined, it is determined that
both scenarios provide higher efficien-
cy. According to the results, it was de-
termined that the average hourly pro-
duction per operator had increased by
approximately 15-17%.

It should be noted that the waves algo-
rithm proposed can be used in all types
of garment production. However, imple-
menting this approach in another gar-
ment type production would require cus-
tomising existing simulation models in
order to reflect the changes in respective

Table 3. Operator efficiency results for good and bad waves.

Base Good waves Bad waves
Task Operator
model G1 G2 G3* G4 B1 B2 B3* B4 B5* B6*
TO1 001* 100 100 100 100 100 100 100 100 100 100 100
T02 002 76.11 76.11 76.1 76.1 76.09 76.1 76.1 76.1 76.07 76.07 76.07
TO2 003 88.59 88.59 88.61 88.61 88.63 88.62 88.62 88.62 88.64 88.64 88.64
TO3 004 88.14 88.14 88.1 88.1 88.12 88.06 88.06 88.06 88.13 88.13 88.13
T03 005 66.71 66.71 66.77 66.77 66.72 66.78 66.78 66.78 66.71 66.71 66.71
T04 006* 100 100 100 100 100 100 100 100 100 100 100
TO5 007 100 100 99.85 99.85 83.68 100 100 100 85.05 85.05 85.05
TO5 008 100 100 99.93 99.93 88.75 100 100 100 90.3 90.3 90.3
T05 009 100 100 99.93 99.93 90.4 100 100 100 91.89 91.89 91.89
TO5 010 100 100 99.9 99.9 85.67 100 100 100 87.28 87.28 87.28
TO5 036 X X 99.88 99.88 83.02 X 100 100 91.9 91.9 91.9
TO5 039 X X X X 83.32 X X X 92.02 92.02 92.02
TO6 o1 80.58 80.58 94.85 94.85 96.18 80.58 92.51 92.51 96.35 96.35 96.35
TO6 012 75.34 75.33 94.38 94.38 94.47 75.33 91.82 91.82 94.49 94.49 94.49
TO7 013 58.2 58.2 58.13 58.13 58.13 58.21 58.09 58.09 58.12 58.12 58.12
TO7 O14 62.32 62.32 62.26 62.26 62.33 62.31 62.3 62.3 62.16 62.16 62.16
TO8 015 84.58 84.6 84.83 84.83 84.89 84.6 84.76 84.76 84.89 84.89 84.89
T08 016 91.55 91.55 91.35 91.35 91.43 91.58 91.43 91.43 91.36 91.36 91.36
T09 017 88.94 89 89.11 89.11 89.04 88.9 89.03 89.03 89.01 89.01 89.01
T09 018 87.89 87.86 87.67 87.67 87.74 88 87.83 87.83 88.03 88.03 88.03
TO9 019 92.36 92.41 92.62 92.62 92.64 92.23 92.26 92.26 92.47 92.47 92.47
T10 020* 100 100 100 100 100 100 100 100 100 100 100
T 021 100 100 73.21 73.21 73.21 100 73.12 73.12 73.12 73.12 73.12
T 037 X X 72.94 72.94 72.94 X 73.11 73.11 73.11 73.11 73.11
T12 022 72.19 72.19 99 99 62.77 72.19 98.95 98.95 99.03 99.03 99.03
T12 023 93.27 93.27 99.63 99.63 81.33 93.26 99.51 99.51 99.57 99.57 99.57
T12 040 X X X X 62.75 X X X X X X
T13 024 69.78 69.78 85.67 85.67 85.95 69.76 85.58 85.58 85.62 85.62 85.62
T14 025* 100 100 100 100 100 100 100 100 100 100 100
T15 026 99.96 99.96 78.87 78.87 78.91 99.96 79.9 79.9 79.89 79.89 79.89
T15 027 99.96 99.96 87.85 87.85 87.85 99.96 89.44 89.44 89.47 89.47 89.47
T15 028 99.97 99.97 81.47 81.47 81.45 99.97 82.17 82.17 82.16 82.16 82.16
T15 038 X X 78.81 78.81 78.76 X 89.37 89.37 89.45 89.45 89.45
T16 029 75.25 75.25 92.04 92.04 91.97 75.14 92.2 92.2 92.29 92.29 92.29
T16 030 69.96 69.97 86.16 86.16 86.5 70 86.11 86.11 86.32 86.32 86.32
T16 031 72.57 72.6 89.11 89.11 89.26 72.55 89.21 89.21 89.39 89.39 89.39
T17 032 75.73 75.73 93.17 93.17 93.6 75.77 93.34 93.34 93.34 93.34 93.34
T18 033 64.32 87.59 100 100 79.95 97.71 100 100 79.82 79.82 79.82
T18 034 59.45 80.36 100 100 74.02 X X X 74.06 74.06 74.06
T18 035 75.03 X X X 88.92 98.98 100 100 88.24 88.24 88.24
Table 4. Results of good and bad waves.
Base Good waves Bad waves
model G1 G2 G3 G4 B1 B2 B3 B4 B5 B6
Average hourly production 156.2 | 156.24 | 193.52 | 193.52 204 157.64 | 161.04 | 161.04 | 201.36 | 201.36 | 201.36
Average hourly production per operator 4.46 4.59 5.23 5.23 51 4.63 4.35 4.35 5.16 5.16 5.16
Cycle time, s 23.04 23.04 18.6 18.6 17.64 22.8 22.3 22.3 17.8 17.8 17.8
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workflows. However, it is estimated that
the more complex the model to which
the algorithm will be applied, the better
the result will be. In line balancing pro-
cesses of apparel production, SAM val-
ues of operations are generally taken into
account. In garment types with more op-
erations, such as jackets, line balancing is
more difficult to achieve in dependence
on the number of operations. However,
due to its stochastic nature, the simula-
tion technique analyses the bottlenecks
between operations more accurately than
SAM [3-5].

For future studies, it is proposed that
more detailed scenarios (such as con-
sidering the classification of operators’
skills, cost analysis etc.) can be used in
the simulation model. Also, an algorithm
should be developed so that resource
assignments are made according to ma-
chine types.
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