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Abstract

Abstract

In the presentiérceglobal competition, o responsivenedsw flexibilityto
meetthe uncertainty of demana@nd thelow efficiency otraditional assembly
linesare adequate motives to persuad@ufacturers to adopighly flexible
production toolsuch agrosstrained workers who move along the assembly line
while carryng out their planned jobat different stationd1l]. Crosstrained
workerscan beapplied invariousmodelsin assembly lineé& novel model which
taken into consideration in many industries nowalagied the linear walking
worker assembly line amthploysworkers who travel along the lizved fully
assemble thproduct from beginning to e[t} However, these flexible assembly
lines onsistentlyendure imbalance in their stations wbalssa significant loss
in the efficiencyf the lines. fie operational time variabilitydne of theman
sourcs of this imbalancg8] and is the focus of this study which investigated the
possibility of decreasing the mentioned loss by arranging workers with different
variability in a special order in walking worker assembly lines. The problem
motivation omes from the literature of unbalanced lines which is focused on
bowl phenomenorHillier and Bolind4] indicated that unbalancing a line in a
bowl shapecoull reach the optimal production rate and called it bowl
phenomenon.

This study chose a conceptual design proposed by a local automotive company
as a case study and a discrete event simulation study as the research method to
inspect the questions and hypotheses of this research.

The results showed an improvement of abddb in the throughput due to
arranging workers in a specific order, which is significant compared to the fixed
line one which had 1 to 2 percent improvement. In addition, analysis of the results
concluded that having the most improvement requires gra@ligow skill
workers together. However, the pattern of imbalance is significantly effective in
this improvement concerning validity and magnitude.

Keywords:
assembly system, discrete event sionylatoss training workevealking worker
assembly line, bowl phenomeraperational time variabiligoefficient of
variationmbalancgarrangement of workers
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1. Introduction

1 Introduction

This chapter aims at introducing the motivation behind the current study
through presering a brief theoretical backgrourad the subjectfollowed by
industrial practicalncentiveHavinga clear sensef the problem objectivediave
beenpresentedn the form of research questiongloreovey the scope ofthe
studiedproblemhas beerlaborated anithe report structurdas been elucidated
in the enddf the chapter

1.1 Background

The original motivation to buildthe assembly lisewascost efficient mass
production of standardized products. Howeparyduct requirements ankus
the requirements of production systems mgaselychanged sindbetimes of
Henry Ford. Therefore,new technology and production systeh@/e been
developed tonake assembly lines availablew volume assembtly-order and
masscustomizatiorsystems, whicére require by increasing varietf customer
needs and demand fluctuatiorioday) sarket.This guaranteea high practical
application ohssembly line systeimshe neafuture[5]. Moreover, lte assembly
process of product takes considerable proportion ahe manufacturing
processes.NE study[6] indicated that approximately 40% of product cost is in
the assembly phase.

In response tehe rapidly varying conditions tife global market and fierce
competition manufacturing companiéave applied highly flexible production
tools with the use ofautomated flexible machinery and et@ssed workers.
However, severatompanies, which invested in highly advanced automation,
found thatautomation solution is not sufficiently flexthle toreducindot size
and increasing produariantsthus tleyreduced their level of automateain
[7]. The investigatiofl] illustrated that crodgsained workers with performing
multiple or all required jobs can significantly impryotmutover traditional fixed
workers.On the other handpoor responsivengskttle flexibility in system
reconfiguration to meet uncertainty of demand, and low efficiency of traditional
assembly lines induced manufatuie apply crossained workers vehmove
alongtheassembly line amdrry out their ptaned jobs in different stations.

The assembly lines, which applied #urtitioral workers, are designed in
several forms. Howevemavelmodel that is concerned in this study is cidléed
linear walking workeassembly lirendis appli@ with workers who travel along
the ling follow the movement of the produetsd stop in each workstation to
carry out assembly jobstbé producs. Eachcrosstrainedworker ha to fully
assemle theproduct frombeginningto endand thisfeaturedifferentiats this
model from other variants of moving workArseries ostudesfrom University
of Bath inUK (e.g.[2], [8], and[9]) hasundertakerihe research ofhis type of
assembly line amdmpard it with thetraditional fixedvorker assemblyne.The
investigationsesuls shoved significantlyhigh performance dhe linear walking
workerassembly lineverthe fixedworkerassembly line, and pointed out some
advantages of using this type of assembly lines sade ad line balancing, high
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tolerance obperationtime variationand adjustability afumber of operator®
responddemandcchangesand so forth

In practice, significant difference in individual capabilities is observable. While
with training and appropriate setecttthe magnude of differences can be
reduced, ihas not beeproven that they can be omitt¢tiO] In addition to the
deviation ofmean operation times, workers differ in the variability of their
operation timedq3]. In general, individuals cannot perform a s&fetsk
repeatedly in the same rael the result of thisvariation in the task timeBhis
variability isusually showel by coefficient of variation (C\Ynd can be
considerably significapitl] Studies showed that due to variability on operation
times which cause blocking and starving in the stations, balanced lines do not
result in the optimum performandeut rather particular arrangements of
imbalanced statiorare suggestedo improwe line utilizationf12] Hillier and
Boling[4] indicated thawvith unbalancing a line abowl! shapei.e. lower mean
processingime inthe middle stations, could reach optimal production rate. They
called this findinghe bowl phenomenon. Afterwardm enormousamount of
research habeenundertakento investiga the unbalanced line in different
conditions and with different sources of imbaldfled&rayal{13]examined the
effect of different arrangemenf stations on the output rate considering unequal
CVsand concluded that best output can be obtained Wwhdower variability
stationsare gathered in the middle atite higher at the end dhe line (bowl
shape arrangement). In additionste@ved thathe bowkshaped unbalanced line,
in terms of only CV imbalance, ysetanaximum output rate significarttiigher
thanthe balanced lineSeries of other studiatso reached similar resuliljch
are implied inthe literature review sectioalthoughsome could not show
improvement ovethe balanced linethen thdine length increasefven though
the improvement of bowl phenomenon is only about 1% orit2% still
significant and causes large savorgthe companysince it can be gaihwith
almost no investment and simply through arranging workers with different skills
in aspecified patterji4]

In these series oivalkingworkers assembly lines studié® difference
between workedperformancehas beerconsideredy assigningliversemean
times and coefficient gariationto operation timefglL5] [9], and[8]. Howeverto
our bestknowledgeno publishedstudy in the linear walkigprker fieldhas
investigatethe effect ofdifferentarrangemeraf workers Thus for the sake of
this researclgap,currentwork has undertaken the investigatbrihe effect of
different arrangemenpatterrs of workers with varied skill levelsn the
throughput othe walking worker assembly line.

The original motivation of this wogtosedue toa suggested study on the
conceptual design of a walkimgrker assembly lifgy alocalcompanyin the
automotiveindustry The company has successfully applied the walkirkgr
assembly systems for several years and itdedwlelopadditionaline for new
product with a similar system. Thebservedproblemin the existindinesis
efficiencylossdue tovariability ofw o r k aperatidn timescausedmainly by
their diversity inskils andsomeminor disruptionsThe companyds i nt
thereforeto investigate theffectof wor ker sd o p e onatheilioen v ar i
output oftherespective conceptuabdel It is expected that using the conceptual
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model, the production managers/engineers can gain insight or knowledge to
improve the real assembly lines.

Therefore, tis industrial problem has beemoserasanindustrial case study
to examie the research questiarfsthisinvestigation

1.2 Purpose and Research Problem

This study, aording toanaccomplished literature review, contributéd @
researclgap in the field of linear walking worked unbalanced assembly lines

Investigation aims atlustrating the influence of worke#ariability and
different patterm of imbalances in output, exploring the possibility of
improvement without any investment only by arranging woevKkerslifferent
variability in a specified pé&trn, and examining the existence of bowl
phenomenon in this special type of assembly syi$termesult othis studywill
partially fulfilthe objective®f the company in the industrial case study

In the following, the research problem has been broken dowviineispecific
research questions ahdresearch hypotheses.

1.2.1 Research questions

To achieve these godlse problemsave beerformulated inthe following
research questions:
In alinearwalking worker assembly line in which workers different
variability
1. Does the arrangement of workens any pattern causea significant
improvementn thethroughput otheline?
If sg which pattern would yield the highest throughput?
2. Doesthe variability levefvariation inCV size andrange affect the
validity/magnitudef the previous problem?
3. How does variation ithe number of walking workeisfluence the
throughput otheline?
4. Canunbalancing a linim terms of CYcauseany significanmprovenent
in thethroughput ovethebalanced lirie

1.2.2 Research hypotheses

In order toclarify what we are trying to find in this stagg create testable
statementsthe research hypothesdsrived from the abowaentioned
research questioas follows:

I.  Changing thereangement othe workers withdifferentoperational
time variability e.g. due to different skill levelsll significantly
affectthe throughput ofn assembly lingith linear walking worker

Il. Related to tpothesis I, it is believed thdieteffect ofdifferent
variability levslwill be more pronounced with the increasing degree
of imbalance.

lll. A bowkshaped unbalancing of a linear walking worker line, in terms

of CV, can improvéhe throughputwhen compared with a perfectly
balanced line.
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1.3 Delimitations

Unlike the majority of studies in the field of walking worker assembly line,
this studydo not compare performance oé tmer walking workeassembly
line withthefixed worker assembly line

The studies showetl h a t for I mpr ovement pf unpa
three issues should be consideréte position of workerswith different
operation times, differembefficient of variatian andposition and size of
buffers along the lingll] This study only investigates the variation of
operation times (CVs) and two other factors considered constant in the model.
Furthermore, the availability of operators, stations facilities and machines are
considered 100% in the model. However, minaupdisnshave been taken
into accounin the coefficient of variations.
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2 Literature Review

In this sectiona comprehensive literature reviewet#ted work in the area of
system analysis agsembly lirses presentedhis includs:

2.1 Assembly line system

Assembly work has been applied by human beings since a long time ago. Our
ancestors knew how to create useful objects comprised of several parts. However,
it was the automotive industsnich applied preseday assembly lines for the
first time. Henry Ford invented the assembly lines that caused a revolution in the
way cars are produced and how much they cost. He was a pioneer in developing a
moving belt in the factory. This concepbésmworkers to build cars one piece at
a time instead of one car at a time. Based on-tadleddivision of lalpoinciple
the production process is broken down into a sequence of stages and workers are
allocated to specific stages. This gives wdHeppportunity to be specialized in
one specific job rather than being responsible for a number ¢f@hsks

In this part, the basic concepts of assembly lines are described according to
[16] These terms are used widely throughout the literatise partand the
restof report.

Assembly: The practice of fitting different parts together to create the final
product is called the assembly process. Parts by themselves can be comprised of
variouscomponeamsl consequentbybassemblies.

Work in process (WIP):The unfinished units of a product are called work in
process, abbreviated as WIP.

Assembly Line (AL): Flow line production system which consistsuaiber of
stations (which are set up along a conveyor system.

Task: The individual part ofthe total work in an assembly process which
cannot be split into minor work elements without necessary additiondlaskrk.
process timan essential time that a task needs to be performed.

Precedence Constraints:Technological restrictions, which determine the
order of tasks performance. For illustrating the relationship between tasks, a
precedence gsapluseful tool. The nodes represent tasks and the arrows present
precedence connection. Figure 2.1 showsxampé of asix taskassembly
process.

Figure 2.1 Precedence Graph

10
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Cycle Time (C): Timeinterval between the exits of two consecutive products
from the line. It represents the maximum amount of work performed by each
station. Two types of cycle times can be considered: predetermined cycle time,
desired, @hich is required usually by the milag department, on the other hand,
effectiveo€actual €hat is based on line performance.

Capacity Supply (CS)The total time available to assemble every product is
defined as CS= nC. The CS can be equal to or greater than the sum of all task
proces times.

Work Content (WC):The sum of all task process times (T ( W= x T

Station Time: The work content of a station is calé&ation loahd total
process time as Station Time.

Imbalance: The measured difference between the Cycle Time andithre Stat
Time is called Imbalance and when ALs is -proliuct, this difference is
measured for a given variant on each station (Figure 2.

Line Efficiency (E): Measures the capacity utilization of the line and is
calculated by E=WC/CS.

Station Idle Time: The difference between the cycle time and the station time
when it is positive is called idle time.

Balance delay:The sum of all station idle times is calkddy tinoe balance
delay and calculated by I=0&.

Throughput Time: Represents the average time between the start of the first
work-piece process and the end of the last finished product procetsr
words it is the average process time of a final product in the line.

A

F; Cycle Time

Imbalance
for one variant

> Variant

Figure 2.2 Imbalance for one station, variable tas
durations due to variant [16]

2.2 Assembly line problems and classification

2.2.1 Problems

With the development of industrial engineering, some multidisciplinary analysis
techniques such as time and motion study and analysis of human performance
have been introduced to the industry. On the other hand, with increasing
complexity in productiorine efficiency turns into a significant problem so that
increasing efficiency becomes the main purpose of assembly systems. In order to
reach high efficiency, developed analysis techniques with a structural approach
should be applied in the designingestd assembly lingds]

11
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Assembly line design entails the design of products, processes and plant layout
before the construction of the line. Based on classical design for assembly rules
and considering precedence constraints between tasks, considetater to
product take into account in line designing. Assembly techniques and modes
(manual, automatic) for each task are determined by operating modes and the
technique module and assigning tasks to the stations and location of stations and
resourcef the factory are decided by the line layout mfdi}le

The line layout problem is comprised of the logical and physical Hyeut.
logical layantolves assigning tasks to the stations along the line, whereas
physical laydatermines the mament of stations, conveyer, buffers, resources,
etc. on the shop floor. In turn, logical line layout consistssembly line balancing
andresource planmioglemd16]

Line balancing problem is allocating tasks to an ordered sequence ohstations i
such a way that precedence relations are pleased and one or some performance
criteria are optimized (such as minimizing the number of stations or balance delay)
[18] Baybargl9]def i nes this typical probl em: 0
balanced ifotal slack (i.e., the sum of the idle times of all the stations along the
l ine) is as |l ow as possible. o6 In sectio
in greater detail.

Operations in assembly lines (usually-smetl products) can be performed
either manually or automatically. These kinds of assembly lines anglralled
assembly lines.such systemghe design problem decides which resources
(required equipment tcomplete the operations) to choose and which tasks to
allocate to each resource such that production requirements are satisfied and cost
minimized.

2.2.2 Classification

In the literature, different classifications for assembly line problems are
suggested. Thsection presents the main categories.

1 Assembly line Models

In companies, based on demand of different products, the appropriate plan of
production is developed. Thus, assembly lines according to production plan
follow three approaches: single model assembly line, mixed model assembly line,
multr-model (batch pradttion) assembly lifE6] [20] and[18]

Single product assembUlyidinssed for producing only one type of product. If
we do not consider the dynamic character of the system, the workload of all
stations is constant over time (Figu&22). It is better to use this type of
assembly line when the demand of a product is constant, the product must be
delivered quickly, or has a different structure from other products and the setup
time is considelpdy long[16] When the setup times and variations in operating
times are not significant, the line which assembles more than one type of product
can be treated as single m{z2igll

Mixedoroduction assemblynlitieese types of assembly lines, thestyaof
product is more than one. It is typically a family of products, which is a set of
distinguished products (variants) usually with a similar function, and different
product attributes (customizable attributes which are referred as options). A
family of cars with diverse options (sunroof, ABS, etc.) is a typical example
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(Figure 2.22). In this model, setup times between variants should be reduced
significantly enough to be ignofé&@] Balancing themixedmodel assembly line

is usually converted to the singeodel case through the use of a joint
precedence graph. This method with calculating the average process times of
different variants in regard to their occurrence forms a unique preceddnce grap
[20}

Multtimodel or batch productiohhimesndel is used when multiple different
products or a family of products with significant differences in production
processes are to be assembled in the same line. Thus, for declining extra costs and
set y times, products are assembled in batches (FR)urEhis requires solving
lot-sizing and scheduling problems in addition to the balancing diodji¢20]

RAKAK DK AK AL BN ANS

a. single-model line

—

OAOOOADOOOOOOAOAS

b. mixed-model line

— "

AANAET>O000 @ DOOOS

¢. multi-model line

Figure 2.3 assembly line mode[21]

1 Line configuration:

In design of assembly lines, several configurations of stations are possible.
Initial product analysis and form of plant site are the main factors that are taken
into account in line layout decision.

Serial linas: this configuration, the single stations are settled in a straight line
along flow of lin¢16]

U-shaped linesecently because of applying-jugime (JIT) principles in
production, Wshaped layout is preferred to traditional serial line. In this type of
line, operators are located in the center of U and in case of hybridniiniés; a
function worker is respsible to multiple machines and operates on each of them
once in one cycle timéigure 2.4 shows a simplestiape line in which tasks are
assigned to stations, but one irregular station is observable in this line which is
different in task grouping fromther stations (station [32] These types of
stations which are callexdssover statnmhsde tasks located on different parts of
the production line and operators travel crossover and return distance to

L | Station 2 || Station 5 s
Figure 2.4 a simpleU-shape assembly lif22]
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move between tasks. Station 1 consists of task 1 in beginning of the line and task
11 at the enfR3] U-lines have several important advantages over straight lines
which include: better visibility and communications because of the close vicinity
of workers to each other, workers rrakiking, better flexibility for output rate
changes, less stations requirement since there are more possibilities for grouping
taskdnto stationg22]

MulttU lines: Miltenburg in his work23] introduced MultU lines as a
developed form of Wines. This line is combined otUnshape lines in which
adjacent Uines share an identical station. These stations which amaaialied
stationsclude tasks from two neighborlikes. Balancing methodologies for
these types of assembly lines are disscu$22thimd[23]

Parallel stationsien the task times in stations exceed cycle time, a common
solution is to build stations wiplarallel posts where performance of an identical
set of tasks is assigned to two or more workers. In this way the average task times
reduce proporptionally to the number of workers in the sfaépn

Parallel lineghen the demand is high enough, compensation is possible due to
duplication of the entire line. The advantage of these lines is shortening the
assembly line and also, in case of failure in one station, other lines continue to run
[16]

1 Variability of tasks process times

The execution times of tasks can vary in time. The variance can be small in
simple tasks or large due to the complexity and unreliability of tasks. This
phenomenon is considered in assembly line literature as below:

Deterministic or diateln reality only advanced machines and robots can work
permanently at a constant speed whigkes zerprocess time variance possible.

In the case of manual assembly lines, this might be possible with highly motivated
and skilled workers.

Stochastime generally, tasks process times have variance and follow a known
distribution function (which might be unknown). Significant variations are usually
observable in manual tasks. Moalified operators, lack of motivation and
training of employees cée the main source of high variance in task times.
However, automated lines are also subject to variability, and its source might be a
machine breakdown or even defaults of machjaéty[5]. This subject is
discussed more in section 2.3.

Dynamic tim&hen process times have dynamic variation it should be
considered in balancing problef2®] This variation can be a systematic
reduction due to the learning effects of operators or sequential improvements of
the production proce§s6] [5].

1 Line control

Paced lines: this assembly line system, the given cycle time restricts task
process times of all stations. The pace of line is controlled by: 1) continuously
advancing material handling devices such as conveyor belts, which compel
workers to finish thetasks before work piece leaves the perspective station. 2) so
called intermittent transport systems where the workpiece stops in each station
according to a given time. In the continuous system, line balance determines the
station length. Once the lengfithe station (multiplied by the movement rate of
the line) goes beyond the cycle time, the extra time emerges which might be used
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as compensation for task time deviation in either smaddl production or the
stochastic model.

Unpaced asynchroneusnlike the paced line in which workpieces have to
spend given times at stations; in unpaced lines, parts are transferred whenever the
tasks processes are accomplished. The passing workpieces, after being processed
to the following station, distinguistottypes of unpaced lines; synchronous when
parts transfer simultaneously and asynchronous when each station decides to
transfer individually. In the asynchronous mode, workpieces move to other
stations (if not blocked by another workpiece) as soonreguakd operations
have been completed. Then new workpieces enter the stations unless the
preceding station cannot deliver. In order to minimize waiting time, a WIP buffer
is established between stations. ,Tihusipaced asynchronous systéinese are
three interdependent problem which are (1) determining a line balance (2)
allocating buffer storage, @jtimating throughput (depending on the known
distribution function of realized task times).

Unpaced synchronoualllig&tions wait fothe slowest station to finish its
operations and then wokpieces are transferred simultaneously. In the case of
deterministic task times, synchronous lines will be the same as paced lines with
intermittent transport and cycle times will be equal to thesslstation. These
kinds of lines have advantages to paced lines when tasks times have variations.
When variation causes fast completion of operatvonkpieces catmansfer to
other stations without waiting any fixed time; therefore synchronousatfines c
promise higher output than pace |[[2€$

2.2.3 Line balancing problem

On account of the high practical significance, a large proportion of the
literature is assigned to assembly line balancing (ALB). In general, the line
balancing problem consists of aoaid works focused on the core problem of
the configuration, which is the assignment of tasks to stations, since the first
mathematical modeling of ALB by Salvddh Due to the several simplifying
assumptions which form the foundation of this basiblggm this field of
research is labeled as simple assembly line balancing (SALB) in most[bieratures
The majority of researchers in the ALB field have devoted their work to simple
assembly line balancing problem (SALBP) modeling and R#Vidgcading
to [5] limiting or simplifying assumptions of classical SALB problem are:

0(1) Masgproduction of one homogeneous product

(2) All tasks are processed in a predetermined mode (no processing alternatives

exist)

(3) Paced line with a fixed commonecyiene according to a desired output

guantity

(4) The line is considered to be serial with no feeder lines or parallel elements

(5) The processing sequence of tasks is subject to precedence restrictions

(6) Deterministic (and integral) task times

(7) No asignment restrictions of tasks besides precedence constraints

(8) A task cannot be split among two or more stations

(9) AIlI stations are equally equipped
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Any form of ALBproblem ;65 1versions of SALBP [25]

intends to find a feasible lii .
. . Cycle time (c)
balance (allocation of each tiENCRUECHIEG): . m—
Given Minimize

to a station in a way th )

precedence restrictions a SALBRE SALBR2
other constraints are satisfi(Euyms SALBR1 SALBRE
[20] Nevertheless, differe
versionsof the SALB problem can be distinguished by varyingbibetives

(Table2.1). SALBFF is a feasibility problemvhich looks for the existence of

feasible line balance for a given combination of n (number of stations) and c
(cycle time). SALBP, for a given fixed cycle time ¢, minimizes the sum of station

idle times or equivalently minimizes the number of opened stations. On the other
hand, SALBR minimizes the cycle time ¢ (or maximizes the production rate)

when the number of stations (n) is given, which results in minimum idle times.
SALBRE is the most@ammon version among these problems. When both the
number of stations and the cycle time are changeable, efficiency of line is used to
define the quality of a balance. Therefore, the problem consists of maximizing the

line efficiency thereby simultaneousigimizing ¢ and n by considering their
interrelationshig5], [25] In addition, a secondary objective for complementing

the versions of SALBP is mentioned in the Becker and Scholk€fudshich

consists of smoothing station loads, i.e., equalizing the station times. For instance,

mi ni mi zing the s mo eShPrh=E0S §o. stdiodAEDe ON, X = &

if the combination (n, c) is optimal with respect to line efficiency.

In this part, a simple line balancing method has been described. It is based on
the two constraints, precedence requirement and cycle time. The fixed cycle time
restriction (paced line) refers to the maximum allowed time that a product can
spend at each workstatito meet the required production rate. The method
follows below in concise steps (term definitions are described in section 2.1):

1. Prepare precedence diagram

2. Calculate desired cycle timg:(C

Cq= available production time/desired output

3. Compute theheoretical minimum number of workstation (N):

N= xal |l t)d&k times (T

4. Group tasks into stations with considering cycle time and precedence

constraints

5. Compute the actual cycle time (Ca) and real number of stations (n) for

arranged group; and then #ffgiciency of the line (E):
E= x all yYrCsk times (T

6. Determine whether acceptable efficiency level or theoretical minimum

number of workstations has been reached. If not, go back to s{@8}four

The balancing of realorld assembly lines requiresodification in
assumptions of SALBR1] The line can be mixed or mpltoduct; can have
parallel stations or parallel subassembly lines; can have stochastic task times; and
many other characteristics that are not seen in the SBa@frg19] explains
these extended problems as following:

OWhet her the goal iI's to minimize total
stations along the line, these problems (which created by relaxing one or any
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combination of the SALBP assumptions) lvgllrefered to as the general
assembly line balancing problem (GALBP). Thus, GALBP is a generalization of
SALBR1 and SALBR . 0

A summarized classification scheme is presenied] iwhich illustrates the
work of Boysen et db]. It has briefly characterizedecific assembly system
with all possible relevant extensions by a tuple. This scheme, which is provided in
appendix 1, and respective stufb¢and[20] are valuable references either to
find an appropriate accompliststady, whicltan be applied teolve realvorld
problems or to show research gaps in the field of assembly line systems. Plenty of
exact and approximated methods are developed for solving SALBP and GALBP,
which their discussion is not in the scope of this woriceékt survey of Scholl
and Beckef25] presents a respectable review of developed exact and heuristic
methods for SALBPs; on the other hatiee studies[20] [21] and[5] are
appreciated references for GALBPs.

Once the size of our problem is significant enough, the balancing of line by
hand is a cumbersome job. Therefore, software packages have been developed to
bal ance t hese ki nds of probl ems gui c k|
COMSOAL (Computer Method f@equencing Operations for Assembly Lines)
and GEO0s ASYBL (Assembly Line Configur
programs use different heuristics algorithms to balance the line to reach
acceptable levels of efficiency. They cannot guarantee optinoaks$28]ti

2.3 Variability in assembly lines

2.3.1 Introduction to Variability

In[26]vari ability has been formally defin
a class of entities. o6 In manufacturing
form of various attrites such as physical dimension, process time, machine
failure/repair time, material hardness, setup time, and so on. Variation has been
classified inteontrollable variatimirandom variatiGontrollable variation is the
outcome of decisions. Forsiance, when variant products are produced, the
variability will be in the product attributes like their manufacturing time or their
dimension. On the other hand, random variation is derived from some events
which are not under our immediate control. B@mple, the time between
customersd demands are not under our o
have fluctuation in workstation loads. Similarly, the time that a machine might fail
is not known and consequently cannot be predicted or controllednthias)d
of outage increases the variability of effective process times in a random manner.

In this research, random variation is under study.

There are two basic views about the nature of randomness that are interesting
to state here. Hopp and Spearriz6] namedapparent and true randomness.
apparent randomness, the only reason that sygipedn act randomly is lack
of (or imperfect) information. The premise of this view is that in the case of
knowing all the laws of physics and having a cengastription of the universe,
then in theory, all the details of its evolution are predictable with certainty.
Therefore, increasing our information about the process will decrease
randomness, and thereby variability. In contrast true randomnessjeagtiilg re
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the previous premise, believes that processes are truly random. In this notion, the
universe actuallyehavesndomly therefore having a complete description of the
universe and the laws of physics would not be enough to foretell the future.

Rea@rdless ofypes ofrandomness, the influences are similar. Many aspects of
life are inherently unpredictable and manufacturing management is one of them.
However, this does not mean that we should abandon managing and controlling
processes, instead weyomked to findobust polici@srobust policy provides a
work that is welinost of the tithés not optimal but usually relatively good. On
the other hand, theptimal politcy the best policy for a specific set of
circumstances. It may work extremely well for the designed situation but lead to
poor results in many others. However, companies tend to spend a huge amount of
money for advanced tools to optimize processes thiagharently random. It
would not be an astonishment to get a frequently bad result from these tools since
the real inputs are rand$a6]

Hopp and Spearm@®6]believe in a stronger tool for managing which is called
probabilistic intuitidhis besidehte appropriate robust policy will improve the
performance of enterprises despite the existence of variability. Intuition plays an
important role in our everyday life. For example in driving, we slow down our
speeds in turns without knowing about compticatitomobile physics and it is
based on our developed intuition after some time driving. In most cases where
what we judge is based on the mean of the random variables, our intuition works
well. For instance, when we speed up the bottleneck stationeutet@X@ave
better performance. This intuition responds well as long as the variation in the
mean quantity is large comparative to the randomness involved.

When the consideration is quantities involving the variance of random
variables, our intuition seeno be less practical. For instance, when there is an
option to choose between short, frequent machine failure and long, infrequent
ones (less disruptive ones). These kinds of situations where variability is involved
require much more subtle intuitionrth&hen we make decisions based on the
mean changes (throughput improvement by raising bottleneckZgjeed)

The above assertions mark the fact that variability studies can support decision
maker more than similar studies that consider mean time. {Ténsfhasizes the
importance of this study, which considers the effects of variability (not mean
variation) on the assembly line throughput.

To study variability we need to quantify it. This is possible with standard
measures from statistics, suchaamnandstandard deviattmwever, these two
measures do not appropriately indicateethed bf variability when a comparison
is supposed to be drawn. Thus, we use a reasonable relative measure of the
variability of a random variable, which is called the coefficient of variation (CV),
and it results from the division of the standard deviatittmhe mean. In the book
Factory Physicf26] three classes of variability based on the coefficient of
variation are considered: low variability when the CV is less than 0.75, moderate
variability when the CV is between 0.75 and 1.33, and high yanabititthe

! Thesetwo premises, as two schools of thought in physics, were among highest striking subje«
20th century. Einstein was defender of first view (incomplete knowledge) and Bohr and othel
second view (random universe). Proponents of firstadpecially philosophers, criticize the oppc
interpretation due to apparent violation of canseffect principle. In return, the followers of t
second view point to more fundamental quantities (that are not influenced by randomomes:
numbgras a description to the criticized violation.
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CV is greater than 1.33. In manufacturing, high variability can occur when we
consider the available outages in process times.

The most common sources of variability in production systems are: natural
variability, random outages, setups, apematailability, and rework. In the
following, some of these causes are described:

Natural variabilityit is the variability inherent in natural process time and
consists of minor fluctuations caused by differences in operators, machines, and
materialslt does not include random downtimes, setups or any other external
effects. Due to the involvement of operators in a majority of these unidentified
sources of variability, more natural variability exists in manual lines than in
automated ones. In most syss$, the variability in the natural process times is
low. In other words, the CV is less than 0.75.

In practice, several detractors influence workstations, which can include
machine downtimes, setups, operator unavailabhdityo forth. These detractors
inflate both the mean and the standard deviation of process times, which provide
a way to quantify their effe{26]

Outagesutages can be considered in two grétegmptive and Nonpreemptive
outage$reemptive outag, which mainly refer to breakdowns, occur whether we
want them or not for example in the middle of job. The other probable examples
for this group can be power outages, emergency calling away of operators, and
running out of consumables e.g. oil for nmash Since these detractors have a
similar influence on the behavior of production systems, they can be combined
together and treated as machine breakdowns. This allows one to compute unique
measurements for analyzing this type of variability. The nmeadsréhat are
privileged in a machine reliability analysigvde~, MTTR, and Availability
MTTF is mean time to failure and determines the frequency of downtimes, MTTR
or mean time to repair indicates average time of repair (or getting back to uptime),
and Availability is the logrm fraction of time that a machine is not down for
repair. The relation between availability (A) and the two previous measurements is
according to the following equation:

A=MTTF/(MTTF+MTTR)

Nonpreemptive outages inbdudowntimes that take place unavoidably, but
during the occurrence are regularly under control. For instance, when a tool starts
to become dull and needs to be replaced. In similar situations, we can stop
production after finishing the current piece br @nother common example
from this group is process changeover or setup that is more under control, since
we can decide how many to make before changing. Nonpreemptive outages could
cover preventive maintenance, breaks, operator meetings, and suchhesents.
outages need different treatment than preemptive outages and since the most
common nonpreemptive outage is setup, we can combine all other downtimes
from this group and cover them under this {@6h

2.3.2 Variability in Task Process Time

As we mentioed in section 2.2, one of the SALBP variants is formed by
considering stochastic task process times. The variability discussion in the
previous section by describing different sources of variability in manufacturing
systems illustrated that assuming metestic task time is far from reality.
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Therefore, considerable amount of research focuses on assembly lines with
stochastic task times and the problem of assigning these task times in
workstations.

Moodie and Yound27jvere among the first people who sidered the
stochastic task times in detail and presented a procedure for assigning tasks to
stationg28] In this regard, there is great amount of literature which investigates
different methods to distribute stochastic tasks among stations to rdach idea
situations. Paced assembly lines, since they are not associated with this research,
will not be discussed further in this report and the s[g¥p¢ recommended
instead as good reference with the outlined accomplished studies.

In deterministic systenit is apparent that the ideal line is one with a perfect
balance in which workloads of stations are equal and idle time is zero. However,
this is not true for stochastic cases. It is difficult to define wirapetask
assignment is when there isalality in process tim¢a8] For instance, Kottas
and LaJy28] considering incompletion cost (in paced lines), presented a desirable
pattern which instead of equal load of work (balanced line), the workload of
stations tends to increase as one mowasddhe end of the line (more idle time
in early stations).

Due t o t he preval ence of unpaced ass
industry, huge amounts of investigation focus on improving the efficiency of these
lines.[29] takes into account two isswesich are effective for the efficiency of
production lines, the assigning of tasks to the workstations and the allocation of
buffer storage space between workstations. Accordingly, the latest investigation
[11] by McNamara et al. has considered statkcenokrs based on worker
approach (discussed in section 2.4). First, the differences in average operation
times of operators make the allocation of operators along the line a significant
consideration. Further, since in general individuals cannot persenmsaof
tasks repeatedly at the same rate, variation in the task times operated by workers
can be considerably significant; thus, the positioning of operators with a different
CV is another consideration. Other factors are the buffer size and placement.
Theoretically even allocation of intersection buffers yields to the best result.
Nevertheless, due to some technical restrictions this is not possible always,
therefore buffer allocation turns into an influencer. Finally, the line length and
total bufferspace of line are mentioned as the last influencers on the performance
of production lines.

Researchers have investigated the effect of these factors individually and as a
combination of them on the efficiency of lines. In this research, since only
variaton in the CV of process times is considered, the buffer size and allocation
are not included in the following literature review and just a brief time is taken for
presenting mean imbalance.

Similar to paced lines with stochastic task times, the faaintreted
production or assembly lines are perfectly balanced does not guarantee maximum
output rate of the line. This is due to variability on operation times and limitation
of interstage storage capacities, which tdaddngnd starvingn the statios
[12] Blocking and starving situations have been explaj3¢dino when a st at
temporarily performs its task faster than a succeeding station it will fill its output
buffer and thus be blocked and when a station temporarily performance its task
faser t han a preceding station, it will o
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Both starving and blocking cause delays in the production and consequently
deterioration in output rate. Evidently, the probability of occurrence of these two
increasewithhe growing operation timeds varia

According to the assumption that perfectly balanced lines always produce
higher output than other unbalanced equivalents, the majority of studies had
considered only perfectly balanced lines. However, a numésgasthers tried
to test this assumption and suggested different arrangements as the optimal
design. Makin{B80]tests unequal service rates in the-s$teg®n queuing system
with exponential distribution and no interstage buffer and found thanhgsaigni
lower process time to the middle of the queue improves the efficiency of systems.
A number of other authors also suggested different patterns for improving line
utilization. However, extended work was accomplished by Hillier and4oling
They invesi gated and verified Makinods wor k.
lower mean service time to the middle station of adfatsen production line
(exponential distribution) could obtain the optimal productionl2keThey
called this findingpowbhenomenbacause the pattern of this optimal workload
assigned to each station (adjustment in mean times achieved by loading works in
stations) should be less in the interior stations than that closer to the beginning
and end, and this is similar to boevl shap§29]

The study[3l]Jex pl i cates the reason behind th
effects of blocking and starving of a station are greatest on those stations closest
to it. The beginning and end stations of a fireetastations in only one ditien,
while the middle stationffect stations in both directions. Therefore, assigning
les work to the middle stations has a more benefi@at, esince it helps to
mitigate the blocking and starving due to service time variability in both
directionsd

Since the design of the line to be perfectly balanced is often technically
impossible, this finding allows designers deliberately unbalancing a production line
in a specific way, to not just prevent drop of output rate rather easily achieve an
optimal otput higher than the balanced one. This improvement in output rate,
though small, gets significant when it can be collected through the whole life of
the production linfl2]

According to earlier notes, the variability in the process times as a source of
imbalance in stations is the main reason of starving and blocking and
consequently existence of bowl phenomenon. Nearly all lines have some degree of
imbalance, and operation time means and the coefficient of variation (CV) are
considered as the main s®uof this imbaland8]. Since the Hillier and Boling
study [29] a huge number of researchers has tried to test and extend this
phenomenon taking into account the effect of either mean or the CV imbalance
of operation time on the production rate. In @aldi a limited number has also
undertaken the combined effect of these two imbalances.

A number of works which took into account the mean imbalance, are as
foll owi ng: Hi | | er {82} de BRayah stiglp2dwhiehx t ensi o
applied simulain as a method; Hillier and Bd]that extended the 198fudy
[32]with increasing line length (up to 9 stations); and their latejf3&}aty the
robustness of bowl phenomenon which showed the superiority of bowl
phenomenon over its balanced coumatgip spite of misestimation of the CV or
the existence of deviation from bowl allocation.
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The effect of unbalancing lines in terms of their CV has been investigated since
Ander s o B4 svhictvimundt a possibility to get better results istatidn
line than a balanced line by arranging stations in a way that begins from a steady
station and ends at a variable station. Other initial studies considered an
incremental pattern with a high' towards the end and found a slight increase in
output[35] Discovery of bowl phenomenon encouraged researchers to test the
effect of a bowl shaped variability imbalance on the efficiency of a line. Carnall
and Wild[36]investigated the efficiencyigtions of a line induced by different
arrangements consisting of constant (automatic machines) and variable stations.
They concl uded: OOur results support th
shaped phenomenon and extend it to the case of chaagmgatance rather
than mean output rate. It is clear from the results that coefficient of variation and
buffer capacity affect the magnitude of
improvement with a CV of 0.5 was equal to 4% which is a significant effec
whereas, Hillier and Bolir[d] got only 1% improvement with mean time
unbalancing.

El- Rayal{13] explored two problems: a) the effect of different arrangements
of stations on the output rate considering unequal CVs. b) whether unbalancing
only the colicient of variance can enhance output of a balanced line. He
considered-34 and 12station lines and two levels of variability (CV: 0.15 and
0.3) for the first challenge and three levels for the second problem (CVs: 2, 2.25,
and 2.5 under the conditithat total variability for all considered arrangements is
equal). The results of the experiments supported the bowl phenomenon so that
the best result for the first problem came from the arrangement in which the
lower variability stations gathered inrthddle of line and higher at the end.
Having the second problem, the same -Bbape arrangement vyielded to the
maximum output rate, significantly higher than balanced line one.

De la Wayhe and Wil@7] could increase the idle time by placing stable
statons in the middle of three and four station lines, but they could not reach the
same result for a twelstation line. They consider normal distribution with three
levels of variance (relatively stable CV: 0.1; moderately variable CV: 0.2, relatively
varable CV: 0.3) and compare a number of arrangements patterns (including bowl
shape) with balanced line. However, they could just make the conclusion that
using the strategy of separating relatively variable stations with steadier stations
might get relatile close results to the balanced line results in any line length.
Recently accomplished w¢86] also could prove the superiority of the bowl
shaped pattern over balanced line only for short line.

There are several studies in this area which have athy@reabproaches than
simulation such as heuristic approximation or optimization methods, or predictive
formula. In[35]a number of these approaches sudB&939] and[40] have
been listed.

In an investigation of the effects of imbalances on grodurate, some
literature takes the influence of mean and the CV imbalance into account
simultaneously. R441] maintains that the two following patterns are possible
optimum arrangements:

ayoLoad from the interior extrmgomes shoul

( bowl phenomenon). 6 (pattern for mean
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byoLoad from the more variable stages
ones (variability imbalances). 6 (patt

He suggested that a) is more significant when theeddés in CVs of stations
are generally less than 0.5 while b) becomes superior when they go above 0.5.

The [3] investigation demonstrated that the best pattern for decreasing ideal
times of line in light of combined imbalance is not similar to whamdjugtual
imbalance is considered. The best configuration is resulted when a reverse bowl
pattern for mean imbalance and a bowl shaped pattern for CV imbalance are
considered.

In addition to the experiments mentioned previously, it is interesting & stat
remarkable measurement, which has been conducted by El[IRaykle
measured the maximum degree of imbalance, which a considered unbalanced line
can bear without decreasing the output rate from the level of its balanced
counterpart. This specificatioof line would intensely support designers in
developing efficient production or assembly lines.

2.4 Worker differences

Study [42] states three approaches for modeling variability in task process
times. The task approach that considers inherent var@bidsks as a major
source of variability, the workload approach which assumes the environment
(such as temperature, noise, tooling) as a main source of variability and the last,
worker approachich postulates the workers operating the task as the most
significant source of variability. The authors propose the worker approach because
the two earlier approaches ignore the influence of the workers on task process
times (or they assume that the same person always performs a job). The task
approach models nability by allocating a distribution to each task (mostly
assumed normal distribution) and workload approach by setting a distribution
(mainly exponential distribution) to the set of tasks in each station. However, the
proposed approach models varighifittask process times as a function of who
performs the task.

Task approach mostly has been used in the studies of stochastic assembly line
balancing problems such [@8] and workload approach in the studies of the
optimal allocation of imbalances sasf], [43] and[38] and buffers likg44]
and[45]on asynchronous lines.

In this investigation, since operators are a significant source of variability and
tasks are performed by different people, the selected viewpoint ishaseker
approach.

In planning and designing production systems, usually all workers are assumed
equal in their ability to do tasks. Even in stochastic systems when the line is
balanced, the task time distributions usually consider the same. Nevertheless, in
practice, significaulifference in individual capabilities is observable. While, with
training and appropriate selection the magnitude of differences can be reduced, it
is not proven that they can be omitfgd] Three categories of slow, medium,
and fast, based on workpesformance rate, can be considered. Stations with the
slowest operators address as bottlenecks and cause delays for other stations and
major balancing loss for the line. Besides deviation in mean operation times,
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workers differ in the variability of theperation times, which is usually presented
by CVI[3].

These differences can originate from various sources. The most apparent
difference between individuals is in their level of ability. Some people simply
perform a task better than others do. Thisbeadue to variances in experience
levels, manual dexterity, or just pure discipline. The other easily observed source
of distinction is the attitude people have towards their job. Some people prefer
responsibility, variety and challenge in their job whatesas want predictability,
stability, and a kind of job that lets them leave it behind at the end of the day. In
addition to the mentioned observations on workers differences, a distinctive
perspective towards life and work can be another sourceselt déterence in
responses to various forms of motivation. Financial incentives motivate people in
di fferent | evel s and beside that, base
aspects of work play significant roles in motivating w2iégrs

Regadless of the causes of individual differences, the effects of them should
be considered in operation management strategies. In a number of literatures, this
variance has attracted the researcher st
problem. The numeus costs that are imposed upon high labor turnover rates are
the main motivation of this field of studies. Labor turnover cost is logically
considered in three types of separation, replacement, and training costs (input
cost). However, the significantputtcost is neglected here, which addresses the
loss of production. It is obvious that this loss results from the difference between
production rate of experienced and trained workers and inexperienced and
untrained workef81] Under the existence of dalturnover, leaving experienced
wor kers are replaced by new or inexper.
learning process, the given task time is longer and more variable than experienced
oper at or s[46] Inflaecack of increaged variabiltyproduction rate of
one new worker is magnified when the throughput of the entire line is considered
(due to starving and blocking of other statidB4}) Hut chi nson et
investigatior§31] illustrated not only the effects of this personnel éyiabut
rather an approach to mitigate the negative effects on the throughput of the
assembly lines. They concluded that in a perfectly balanced line, a moderate
turnover rate of 6% per month decreased the average annual throughput by at
least 12.6% and higher turnover case (12%), a 16.3% reduction resulted. The
approach, which taken by authors to compensate part of this loss, consists of a
replacement policy for new workers and
The best result, in medium to highnover rate, obtained by fastdiumslow
replacement policy integrated with a -mgkiumlow method of imbalance,
which improved throughput by 1 to 4%. The higher result right after the best
result, which also improved the throughput, is made upvbab@ngement for
replacement policy and interval bowl allocation for the imbalance method.

In the line with the investigation 1] which searched for a solution to
ameliorate the effect of variability introduced by labor turnover, Munoz and
Villalolos [46] investigated alternative production methods that under
corresponding variability can be better than traditional methods. In fact, the
considered approach in this research, to handle variable processing times, was
applyingdynamic work allocadtidhis type of allocation, tasks are not assigned to
a specific workstation or operator and the restriction of workers to perform a
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fixed set of tasks does not exist anymore. Accordingly, the production method
that is selected for investigation, due tizing the dynamic work allocation,
became the Bucket Brigade developed by Bartholdi and Eigéi$eeid[48]

The result of this study showed that the bucket brigade system combined with
operator replacement policy (sloediumfast) significantly outperforms
traditional system and unbalanced strategy mentiorjdd] kiy average 7.4%

over the traditional mettipin a high labor turnover environment.

Buzacott[10] investigated the effect of worker differences on output rate
considering the bucket brigade method. He explains the bucket brigade
production method as foll owi nksalongi n t he
the line, moving with the job from one station to the next (once it is free). Once
the last worker in the line completes a job at the last station then she walks back
and takes over the job of her previous worker, who in turn walks back and takes
over the job of her previous worker and so on. The first worker in the line walks
back and starts a new job. o6 When the wo
and the task times or speed of workers is considered deterministic, Bartholdi and
Eisenstei [47] showed that the bucket brigade approach is very robust to worker
differences. The resear¢hO] additionally explored the influence of the
combination of differences between individual workers and stochastic task time
variability by a given workerashowed that it is possible to reach a performance
that is rather insensitive to worker differences.

2.5 Walking worker assembly line

The conventional balanced assembly line systems can perform rather
inefficiently under the existence of highor turnover, low operator learning
rates, and stochastic processing tjidf§sWanget al. [8] stated that since each
station in traditional assembly lines needs at least one operator, the line has to
work with full workers in each station all times. Huses a poor reaction to the
s y st e-ocodfiguratiore and low flexibility in response to variations. The
suggested line under fluctuating demand is the flexible manpower line which
consists of crodsained workers who can perform multiple or all kindhsf in
production line. Having multifunctional workers, new assembly methods were
developed which disregarded the staiiker convention of traditional lines.

On account of high fluctuation in demand in apparel manufacturing, there was
strong motivatio in this industry to apply new methods to respond quickly to the
markef50}] In this regard, Aisin Seiki Co., a subsidiary of Toyota, commercialized
a method which applied fewer workers than stations and workers walk to adjacent
stations to continue wokn an item. This system was called the Toyota Sewn
Products Management System (TSS) which is used in the production of many
types of sewn products, comprising apparel, furniture, shoes, handbags, suitcases,
and fish netf47] The desirable attribute big system is the flexibility to adjust
production rates simply by adding or removing workers, which is difficult in
traditional fixedvorker systemg0] Bischaf50] and Bartholdi and Eisenstein
[47] are among thérst scholas which investigated theystem. The stud$0]
whi ch hammous e dternv torethisérrethad of assembly/production,
assuming identical workers and stochastic process time showed benefits of this
system for those manufacturers that have frequent changes in product and having
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the buffer is inadvisable. The most known sfddyc onsi der ed t he wi
heterogeneity and process times constant. As mentioned in part 2.4, he called this
system the bucket brigade system (since each worker carries and processes items
from one station to another and then transfers them to subsequesisjvand
showed that by arranging workers from slowest to fastest it is possible to reach
the maximum production rate.

However, the novel assembistem, which is investigated in this siady,
version of moving workers with fully mdiinctional workers. This system,
which is a seallediner walking woilkeg, consists of crotsined workers who
travel with a partially assembled product downstream in the line and stop in every
station to perform the planned assembly job. Each walking warkerbe
trained to work in all stations and build a product from start to end (flgure 2.
This is the main difference of this system with the previously mentioned versions
of moving workers. Significant reduction in production cost (incluplexass
inventory cost and-mrocesgaborcost: the costs ¢tdborproduction timelabor
idle time, andiaborwaiting time) gained through using this method makes it an
appropriate choice for companies which aim to establish lean principles in their
assembly le{51]

I : : ¥
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Figure 2.5 Linearwalking worker assembly ling’]

This type of assembly line inherently prevents unnecegsacess inventory
thereby, decreasing the buffer requirement. This is due to the simple fact that the
number of items in the system is equal to the number of walking workers who
carry them ancheoretically it does not exceed this number, therefore the buffer
amount in the system is deterministic. Another interesting attribute of this system
is that since each worker travels with one item all the time and has to complete a
whole product, he or shcannot be starved. This feature minimizes the loss of
labor efficiency and maximizes individual labor utiliZ&tidn

In addition to the mentioned qualities of walking workers, human factors also
can cause improvement in this system where they meg tlesleffect of work
time variations in this type of assembly lines. For example, when slow workers
cause blocking of other workers behind them, they will have pressure to work
faster and this will reduce the blocking i[&tHsMoreover, when one worker
blocked by a downstream worker, he/she can move away and allow the upstream
worker to perform the operation. The application of such a rule to the line can
result in a significant drop in the blocking rates and improve real line balancing
[9]

The man advantages and shortcomings of this sysdesommarized in the
article[7] are

1 Applying crostrained workers by itself, causes significant improvement in

the overall system efficiency in terms of output and cycle times without
substantial investment in equipmenabor.
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1 Fewer buffers are needed that no buffer is required flmw-variation
balanced systems.

1 WIP level decreases significantly as there ar@rozass inventory.

1 The performance of every individual operator can easily be measured and
the slowest worker (bottleneck) can be identified for more training. This
will case high utilization d¢ébor, and a relatively stable production.

1 Based on investigations, tolerance of work time variation is better than the
conventional fixed worker line.

A nonpowered simple conveyance system can be just used.

Since each worker contpke his/her own products, quality or defective
rates can be monitored easily by their direct responsible and this can
improve accountability and responsibility.

And shortcomings that are mostly caused by human factors are:

1 Human factors such as differekilled workers, diverse working speeds
and different abilities can affect the system efficiency.

1 A slower operator can block a faster operator along a linear line.

1 The appropriateness of applying a linear walking worker line mainly
depends on the nature afsembled products and the levekroks
training

Literature that has investigated thealed walking worker assembly lines is
briefly reviewed in the following (mainly works of a group of researchers in Bath
University, UK):

Study{2] compared fixed worker (FW) and walking worker (WW) systems with
variable operation times, which is considered normal distribution with mean times
in the range of 276 to 324 s and standard deviations that differ from 2.0 to 11.5
percent of the mean time&uthors used output per worker per hour as an
efficiency measurement for comparison and considered a function of the number
of workstation (n) with varying number of operators (k). Their results show that
when line length increases, the FW line losaereffiavhereas the WW line acts
in the opposite. The Walking worker efficiency keeps increasing up to its
maximum where n=k+1. Moreover, their simulation result showed that WW lines
can result in better output and efficiency than FW lines even if thpgratedo
by fewer workers; this indicated the superiority of the WW system, compared to
the FW line, to tolerate work time variations through lower blocking rates.
Researcli51] inspected the variabbehaviorof the inprocess waiting time of
walking workes in a simulation study. It showed that thgracess waiting time
in WW systems is predictable and is adjustable by changing the number of walking
workers on the line. On account of having fewer walking workers than
workstations, the effect of the blogk rate decreases considerably and
consequently, 4process waitingme minimized, which in turn results in stable
output. Correspondingly, stup] with a combination of computer simulation
and mathematical analysis, and s{6@y with just mathematl analysis,
investigated the effect of walking workers egraness waiting time. The result
of these studies besides verifying the respigfointed out that the reduction
of the bottleneck effedin-process waiting timéy using the walking vker
systemis easily possible. Moreover, optimizing the number of walking workers

= =2
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(or stations) in the line can adjust and decreaseptec@ss waiting time and
consequently improve the worker utilization.

The[9] study gives a baseline for WW asselinblglesigners to determine the
appropriate number of workstations and workers considering the output rate and
worker utilization. The results showed that for a known overall cycle time, raising
the number of workers and workstations together will cigmi§i increase
production. To reach a maximum production, the number of workers should be
equal to the number of stations, whereas adding one or more stations showed
some increase to the maximum output. This researdmglbasizethe better
performanceof WW lines over the conventional fixed workers line. Authors
showed 3.6% to 11.4% increase in output, where the number of stations is greater
than 3 and is equal to number of workers. In addition, to reach a specified output,
it is possible to use fewsorkers and workstations than a fixed line requires in
similar conditions. The artidl&€5] presents results of a case study in a semi
automated automotive engine assembly line in which traditional assembly systems
were reconfigured to the walking worksystem. The new design, which is
created by applying walking workers and adding one more station to each manual
section, resulted in an average increase of 6.3% in productivity. As presented in
previous studies, the extra workstation in the walking vggsgtem reduces the
effect of unbalanced variation of operation times and consequently minimizes the
blocking rate (or #process waiting times) which bring about stable line output.

In paper8], the authors examined the effect of randomness on a litkéag wa
worker line by modeling a case study. They usedtati@f line with variable
numbers of walking workers and varying unbalanced levels. The five unbalanced
levels are considered and defined as a percentage increase or decrease of the mean
processime while the overall cycle time is constant (5%, £10%, +15%, £20%
and £25%). The result showed that the blocking and output rates for different
levels of unbalance are relatively equal when the number of workers is increasing
up to eight workers. Howeyetfter this point, different unbalance showed their
effect. It is concluded that the walking worker method has the possibility to
reduce the effect of work time variations by simply adjusting number of workers
in the line. Having fewer workers than siatithe effect of variable unbalance
levels can significantly decrease, and consequently the blocking rate is minimized
and the production maximized.

In the recent study53] authors introduce a design methodology, which
intended to improve ergonomicsndions and increase productivity of the
walking workers line by modeling the system in simulation software and
determining optimal settings by genetic algorithm. They believe that such a
methodology will lead to further implementation of WW lines iproshlction
applications.
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3 Methodology

In this section, the approach chosen to deal with this study is discussed and
supported based on the research methodology literature.

3.1 The Research approach

In the research philosophy two types of reasoning, deductive and inductive have
been developed. In the deductive reasoningatibealemoves from a general
principle to specific instances and it is associated with the hypothesis testing
approach and i$ used in thegsitivistictradition of research. On the other hand,
in the inductive reasoning, the direction is from particular instances towards a
general principle and it is linked with the hypothesis generating approach and the
interpretiveraditionof researcfb4]

The center of the positivistic (or also called quantitative) approach is hypothesis
testing[54] According to Glen[b5}

0 Ty p i auaahtitativetradition is the following of common pattern of
research operations in investigatiogekample, the effect of a treatment or an
intervention. Characteristically studies begin with statements of theory from which
research hypotheses are derived. Then an experimental design is established in
which the variables in question (the dependeiables) are measured while
controlling for the effects of selected

Busha and Hart¢s6lh ave def i ned the hypothesis a
the relationship among variables rel ate
Glenn [55] calls it an unproven proposition, which is an empirically testable
statement in regaatb reality.

Accoding to Williamsor54] a hypothesis should be applied beside research
guestions when research is carried out by a quantitative approach. He illustrates
the design of positivist researchiqage 3.1

Formalized hypotheses consist of independent andddepevariables. The
independent variable is a factor that the researchers can control and manipulate in
order to find the effects it causes. In fact, it is hypothesized to cause an effect on
the dependent variable. The dependent variable is respoasafe¢thof cause)
to an independent variable and it is observed or measured agdfesult

According to Ka r |-dedéctvp medeld & hypgothgsi® tshet i ¢
subject to falsification (usually by observation) and based on this view, we cannot
confirma hypothesis since it is likely to be shown as false by any future
experiments. It means thailure in showing the falsification of a hypothesis does
not prove the hypothesis and it is just provisional. Nevertheless, it can be a
crediblesource for action, and we can assume it is true until it is fi@Sifiétis
is also emphasized in Wdillns o n & [H4] thad whien the data are consistent

Topic of Literature review Theoriticalframework

interest _|_> Define research prolf  Define variables

Framing of Hypothesis Collect data Create

general laws supported? [*] Analyseand [®  pynothesis [€
interpret

Figure 3.1 Positivist research desi¢b4]
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with the hypotheses the theory is tempoupportet iscorroborgtadt prove
to be true.

The majority of books in research methodology indicate the analytical approach
asamethod to generate business knowledge. In this approach, which is based on
logic and mathematics, created knowledge is independent of the observer and its
ambition is to develop pictures of an objective reality. These pictures, which are
simplified protogpes of a piece of reality, are called m{figlsThe discussion
about different types of modahd the appropriate type for modeling the case of
this studyareelucidated in section 3.3.

The above literature review is accomplished in order tausdrdte applied
method and taken approach of this study. As statfV]inthe appropriate
method is specified by the problem in hand. The research approach to this study
considering theroblem that has been raised by the local industryhand
theoretial framework (developed through likerature revie)Ms quantitative or
positivist tradition. The study has followed the hypotkeidoctive model to
test he hypothesjswhich has been formed based on theofiestest this
research hypothesis, thdirkdl variables should be calculated and theréfere
practical case as part of reality should be modeled. This will allow us to design and
accomplish experiments in order to support or reject the hypothesis. As
mentioned in theory, the analytical apgroa appropriate for modeling reality.
Among the mathematical models, a disekatpt simulation igroperfor our
case, which is discussed more in section 3.3. The entire process of the research is
elaborated in the next section.

3.2 The research process

The research follows the typical design of positivistic research as illustrated in
figure 3.1. The initial ideagerformthis investigatiors raised byn encouraging
case study that was proposed by local igddste primary problems were
specified =d, due to the preliminary literature review, research gaps in the
respective field were determined. As Williafdgidatates, to formulate research
hypothesesa theoretical framework is needed. He declares that the theoretical
frameworkis the base o&n entire research project. describeghe research
process and helps to direct it. To develop the theoretical framework, especially for
a quantitative study, the literature review is required. Therefore, to fahmaulate
theoretical framework and resbahypotheses of this study, a comprehensive
literature review has been accomplished. There were difficulties in the literature
findings due to the applied novel assembly system of the studied case, which is
quite unknown in the literature.

As mentionedkmove, two types of variables for formulating the hypotheses are
required. According tibe literature reviewthe throughput othe line, which is
the most significant performance evaluation criterion for the manufacturers, was
chosen as dependent varidiole all the hypotheses and the arrangement of
workers and the CV level were defined as independent variables. Then the
predicted relations of these variables were formulatieelresearch hypothess
and questions. After generating hypotheses, they fleotgsted by designing
appropriate experiments. The proposed case study by local iddsstiged in
chapter %is an appropriate sample for our problem. Since the case is a conceptual
design, all required data has been provided by the company.
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Becaus the simulation study has been chosen to carry out the experiments, the
next stages of studinave followedhe procedure that has been suggested in the
literature and is discussed in the following section.

3.3 Simulation study

3.3.1 Why Simulation study?

Operatims ofthereal world facility or processes of interest could be considered
as a systemand there is alwaysneed to studyhe relationships among the
componentsof such a systemor to predict performanceof it under new
conditiors. This kind of stydcan be accomplished in different ways (fig@ye 3.

In generalthe best way exploing thereal systenHowever, its hardly feasible
to do this, andsometimeshe system does natven exist. Therefore, it is
necessary to buildh model of the real d9gen to understand how the
corresponding system adtke nodel can be physical, which is not tyjcah
operations research study, or mathemafivalmathematical model represents a
system irthe form of logical and quantitativelationshipgstherdore, it can be
manipulated in order to analyze the sygtéer. building a model, ig studiedo
answer theaisedquestionf the relative systentiaving asimple modeinight
makeit possble to apply mathematical methods to get exact an3Wweris
calledan analyticksolution. Howevemost of therealworld problems artoo
sophisticatedhusit is not posdile to analyzehemanalytially. The ®lution in
this case ia simulation study. In the simulation solutemodel is exercised
numercally and theeffects of questioned inputs revealedthem measured
performanc¢58]

A simulation habeendefinedasadthe imitation of the operation of a real
world process or system over time. Whether done by hand or on a computer,
simulation involvethe generation of an artificial history of a system and the
observation of that artificial history to draw inferences concerning the operating
chaacteristics of the real systg60]

The simulation study has been rankdtieesecond most used technicurel
the third mostimportant technique of operation research in two different studies
The first rankbelongs tanathprogrammindganalytical approacliHowever this
technique is ngdracticaln someconditiors [58]

The literature survef60] indicateshe inefficiency ofhe analytical approach
when a complex manufacturing system with dynamic betawnder study and
implies the major weaknessf this technique as follew

A Analytical evaluation is impractical wih@mcounterstochastic elements
that existin amanufacturing systedue to many random and rlomear
operations.

A Due torandomness adynamic systemvhich changesith time(e.g.in
an assembly line operation ti mes change bec
mathematicaimodelingof a complg dynamic systemequires many
simplifications and this may cause invalidity of this approach

A number of other studies such[@%] [62] and [63] also emphasis dhe
appropriateness afsimulation for manufacturing processes especially when they
are fochastid8].
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In general, imwulation modsl are categorizedbased onthree different
dimensionsTheycould be daticsimulatioa system in which time plays no role, or
dynamisimulation,system that evolves over titha.simulation model comprises
any probabilistic componeittsvould becalleddochastiatherwise it ideterministic
modelSystems can be categorized to be discrete or oastiimuthe discrete
system variablesvhich describe a system at a particular time (state variables),
change at separated points in tilHeweveyin a continous system they change
continuouslyith respect to timdt is evident that the simulation models of such
systems will be different and respectively they aredcsdtete simulationsaondel
contiuous simulation njb8gls

A simulation model that ilequentlyused in operation research aabpplied
in this study as well is known discretent simulat{i®tS). Discrete event
simulation isa simulation of a discrete systamwhich the events (which can
change the state of a system) occur at only a countable number of points in time
[58] As previouslymentioned, thaliscreteevent simulation applies numerical
methods in whichthe model is run and artificial history is et from the
system assumptions and observameanalyzed to estimatieer e a | systemo
performanceSince the reaborld simulation models are quite lasgeh rus
needenormousamount of data calculatiaimerefore computers are used to run
the malels[59]

The discussioabovedescribd the available approachfes anoperationstudy
and emphasideghe conditionsfor when a simulation study is appropriate to use.
To answethe raised questios the current research,seriesof experiments
should becarried outand since this is not feasible wdh actual system, it
requiresaccomplishing respective experimentsawvitbdelof a systemn order
to have a practical soluti@am, industriatase studig considereliscussed ithe
next section)This realworld examplas a rather longassemblyine with an
enormousamount ofcomponentsand stochastic behanidhese specifications
make applying an analytical approach almoshpossible Therefore, the
appropriate solutiomereis discrete event simulation.

Experiment with the Experiment with a
actual system model of the system

—

[ Physical model ] [ Mathematical model ]

[ Analytical solution ] [ Simulation ]

Figure 3. 2 differentways to study a systef&8]
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3.3.2 Processes of simulation study

In most DES booksthe procedure ot simulation study is presented in the
form of aset of stepsThe pocesses of this simulation study follow the steps
figure 33 stated in the boofs9] According tothis grocedure first, problens

[ Problem Formulation }

\A

Setting of objectives and
overall project plan

g . l
9[ Model conceptualization ] [ Data collection ](—
W
H[ Model translation }
No

Yes

Verified?

No No
- Validated? -
( )
Experimental design [S
| \L /
( )
Production runs and
analysis
| /
Yes Yes
No

Documentation and
reporting

Implementatiol

Figure 3.3 Steps in a simulation studjp9]
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should be formulatednd thereby theobjective or questions, whichhe
simulation should answaiill be formulatedThese steps have besem forth in
the introduction partln the next stepthe model ofthe system iduik. It is
recommendetb start with a simple model and then extend it towarddesatyp
The concurrent step that is accomplished sittergodel building is collecting
data.The required type of data determinedhroughmodeling[59] Since this
study appesa conceptual design, the model andatatdready provided by the
company. However, more required data is obtained dumegting withthe
representative dhe company.The description othe model and data has been
presented in the next section. The constructed randeatollected datsave to
be translatethto computer language. Here, thikuiflled by the aid of special
purposesimulation software, which is elaboratethapter four.

The next two steps consider verification and validatiaheofmodel. In
verification, the properness thie translation ofthe model toa computer is
questioned. In current work, this has been fulfilled by running builsnmodel
different setting repeating the same resu@isl finally checking withe mentor.
oValidationis usually achieved through the calibration of model, and iterative
process of comparing the model against the actual system ksithwismng
di screpanci es bet ween the two, and the
[59] Validation of oumodelhas beeiffulfilled inthe couple of meetirsgvith the
representative dhe company Therecommendedhodificationshaveimproved
the model and reducedthe difference between the model #mel considered
conceptual design thife company.

After the validation process, the experimental design should be fulfilled. The
requiredalternativemust be determinedand theirparameters should be .set
Simulating each design requaresries of decision making regarthiegength of
simulation run, th&engthof initialization (warm up) period, and the number of
replicationdor each run59] The last two parameters will be elaborated in the
following sections. Regarding this study, the alternativedbéavdetermined
throughthe literature reviewf simila studiesand discugsns with supervisors
Theexperimentesigns angresented ithe second part of chapter four.

In the production run and analytsel, different designed models must be run
and analyzed. Ruming each model generategstimation from system
performancand therebyhe analysis is carried out atetisiormadg59] 0 Si nc e
random samples from probability distributions are typically used to drive a
simulation model through time, these estimated are just particular realization of
random variables h a t may hav e [58] &ahergfere, appropriaten c es . 0
statistical raalyses must be appl@mdoutputsof simulatiorruns In section 3.3.4,
the analysisisedin this reporthas beenescribedThrough analyzinigpe results,
the need fom new configuratiohas been required in some cases that resulted in
new experiments.

It is advised to document programmingheimodel and report the progress of
theproject to the peopiavolved[59] In this regard hie model translation of this
studyhas beemeportedin chapter four. Furthermore, the progrestheproject
has beeneportedo the supervisom severgberiodic meetings

The final step isnplementatiorand its success depends upon the properness
of the performance ahe previousleversteps.
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3.3.3 Steady state and replication analysis

Simulation based ahe possibility of determining the lengthted run may be
either terminating or nonterminating. a terminating simulatioa natural event
determines the length of each r@m the other hand, for a nonterminating
simulation, there is no such event. Ehigten used for designing new systam
changing an existing sysiamnwhichthe behavior of a systeisinvestigated in a
long time run andwhen it actsiormdly. The statan which a systembehaves
normally icalledsteady stat@he problem here is the effect of initial conditions
in a systenbehavior, whichs calledthe problem of initial traosiéméstartup
problein the simulation literatur€he solution thaits suggestetbr dealingwith
this problem is to delete soamount of observatisifirom the beginning othe
run and uséhe remaining observations to study the system. Tdalleédwarming
up the modelinitialdata deletidime question is how to determine this warm up
period. The simplest and general teciento answer this question is Welsh
graphical mod¢b8]

Sincethe type of our simulation model is nonterminating, we need to determine
the length osimulation runs arthe warm up periodThereforein chapter 4 we
will apply the Welch model tateleninethewarm up period.

As previously mentioneithe inputs in simulation models usually have random
behavior. The variability in inputs results in some variation in the output. Due to
these variations in output, it is not appropriate to maexision based on a
single run or replication die simulation modelTherefore, to reduce ersoin
theresuls, the model must be run for a numbksimulation replicatisfic4]

The replication analysis determines the appropriate number ofaeglicati
The process starts with selecting an initial number of replicattisen the
simulation results of these runs are usedspecifying whethean extra
replicatiosis neededat a particular level of confidence. The common number of
initial repliation is tenand the calculation that is requiresl the mean and
standard deviation of the mean of ten.rlihgse statistical measuresusal to
calculate the standard error of data theltollowing formula
Standard Error =t/ 24* 5/ an
where

t= t distribution for 1 I &4/2 and
s = standard deviation of the replication means
n = number of observations in the sample

Thisstandard erras used for determining the final number of replicstia
we need. In order to do shwveshouldseleci suitabléevel of precisioor error.

In the next step, the number of replicaim), whichdecreasethe standard
error to the considered level of precisiomst be found.

n=[(tras 22* 9/ an) / pr&cision | evel]

The final stg is checkingthat the calculated is actually adequater the
consideregbrecision level. This means that the simulation model needs to be run
for nr replications, anthe standard error is recalculatedt theets thgrecision
level tlen our replication number rrect otherwisaye need to recalculate a
new number ofeplication$64]

In this regard, the replication analysis for simulation models of thikastudy
beenpresented in chaptiur.
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3.3.4 Statistical analysis of the output

As dated the outputsof simulation runs are obtained through random variables
and may have large variandes a single systemthrough n independent
replicatios of the mode] the estimation ahe measunmentof the performance
of interest becomsegossible by @oint estimatoror confidence intervdhn the
simulation software, the results are usually presenteé fiorms of such
estimators. However, since in this study the purpose is contipargwgplts of
different systems (configurationis), this sectiorwe focus on the statistical
analysis of the output from several different simulation models that represent the
alternative policie§ince in such studies, the simulation utiéfppendson the
comparison of alternativéisere should bareliable approach to compagsuls
and draw conclusienin the following, the chosen approadbr comparing
desired parameters of differeygtemss describefb8]

We considerhere the case of comparing two systems based on their
performance measuke.common approach is to appiyypothesis test to show
the significant difference between two obsemedsurementdHowever, the
applied method in this study is based on refer@&®&eand it forms the
confidence interval for tltkfferenicethetwo systemslhe onfidence interval in
addition to therejectr fail to rejetdst of significant difference&an show the
guantity othedifferencgbut hypothesis tesannot).

Once the replication numbém) of two systems is equal, we can pair the
replication results and calculate the differéAgeXi-X;).

To form the approximate 10€{1) % confidencejtenterval
following equation is applied:

Where
¢ AOAOACAT £ A1 1
SZZij: sampl e Zvjari ance for
fha 01, ST udent distribution

If the Z;j©0 #ollow normal distribution, the confidence interval will be exact,
otherwise fora large nthe central limit theorem should be considered and it
implies that the probability of thisnterval will benearto 1-a This confidence
interval is called theairet confidence intelfviile confidence interval contains
zero, it rejestthe existence of any significant differeand if it misses, the
conclusion is fail to reject, i.e. with approximatefy Y1 per cent confi de
is a significant difference betwdecompared parameterstbé systems.

In many studies, there are more than two systems; therefore, we need
compare more alternatives. The chosen approach biendasto the described
method for two systemsThus, sveral confidencetervalsshould be made
simultaneously, taking care to adjsir individual levelso that the overall
confidencdevelof all intervals covethe desired levél- d). To make sure that
the overall confidence level is at I€hsé ,)the Bonferroni inequality applied
which consider the seprate confidence levelss 1- a / ¢ (uwmber af
confidence intervals)
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4 Modeling and Experiments design

4.1 Modeling

4.1.1 The case study (model conceptualization)

As mentioned in the introduction pafhg toriginal motivation of this work
arose due to a suggested study on the conceptual desigmalkihgworker
assembly line by a local companythe automotive industryfhis industrial
problem has been chosen to be the industrial caseostinily research.he
walking worker assembly system has been operating in this dompawgral
years anthe new line will be developed through the aforementioned conceptual
design.

The line has been comprised of 40 manual assembly stations and four buffers
(with capacity of one product) have been located between every eight assembly
gations (figured.1). The products get fixed on the customized pallets and are
transported between stations by a special conveyor.

Each operator starts his work on a specific product at the first station and
moves with the same product (simultaneoudty that conveyor) through the
next stations to perform the respective assembly work for that station and this
continues until the last station (the fortieth station). Once the operator executes
his last assembly job, he walks towards the beginning ofettandinstarts
working on a new produ@t another operator does not occupy the station). Since
distances between the stations are short, the moving time of workgligiiden
and the walking distance from the last station to the beginning of thieeknect
more than one minute.

The important parameter in this study is operation time of each operator and it
IS not constant here. Based on the given data of the company it follows triangular
distribution obtained from the similar currently used lines. Due to the scope and
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Figure 4.1 the walking worker assembly lineasestudyscheme
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intention & this research, which is just studying the variability of operators, the
mean time of operation times for all workers is constant and equal to 90 seconds.
However, the working speed of individuals (variance in operation times) is
inconstant. In order tooasider the variability in worker operation times, three
skill levels are taken into account. These include high skill (relatively steady), low
skill (relatively variable), and moderate skill (medium vaopéiajors. As
mentioned in the literature mwi the appropriate variability indicator is
coefficient of variation (CV) and is considered for this study as well. Different
values for CV are assigned to different skill levels and will be discussed in the
following chapters.

In addition to the menti@d parameters, there are the following assumptions
that are considered in the modeling of this case study.

A There is a limitless supply of s#sembled components, parts and
materials for whole stations; therefore, no starving could happen due to
shortags.

A No machine failure or other outages are considered during the
production.

A Only one type of product is assembled in the line.

A Creatingadefective product is nobnsidered.

4.1.2 Model translation

After conceptualizing the model, we need to translateoinfouter language.
Siemefigcnomafant Simulatisra specigdurpose simulation software used for
this purpose

In this section, a brief description on implementing the main model from the
software is presented. The components, their relation and structures that have
built the model are illustrated in fighe The component details are as follows:

91 Forty SingleProcs represent forty workstations.

1 Four Buffers (Buffer 1 to Buffer 4) with one capacity represent the
considered buffer between every eight stations.

1 An Entity (EnginA) is defined as a product which is assembled through
forty workstations.

1 A Source(EnginA) is assigned to introduce the prottutte assembly
line

1 The object that is used to simulate the three different \watkiker
skill levels is the dbtainer The Containeris a moving object for
transferring products (like palletd)reke different Containers (LowSk,
ModeratSk, and HighSk) have been defined for this purpose.

1 To enter the workers (Containers) into the system, another Source with
the name of Operator has been defined. In addition, the Source
determines the sequence mifance of workers. It is connected to the

Sequence tabl es i n whi ch t he di f f e

defined.
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1 Since there is a need to attach the workers to the products, one
Assembly objecOperatorSetypis located in the start of the line, and
to send out the workers at the end of the line, a DismantleStation object
(OperatorExist) is defined.

1 The product exits the system by Drain object after separation from the
Container.

1 To complete the cycle of workers (or pallets), a buffer (OperaasPool
defined to store Containers that are separated in DismantleStation and
send them back to the assembly line cycle.

1 Three Methods are required in this model to control the behavior of
some objects.
o The Init Method, which is the trigger in the beggwina run,
determines the workersd arrangeme
o The 0Opt ProcessTiusiegd SkillMevel htabtes
determines therpcess times @ach workstation. In these tables,
the CV for the different skill levels is determined.
o The Endsim Method, wth is the trigger at the end of each run,
Is used to gather data and calculate the final desired measurement.
This calculation is showed by TieoughputPerHourgariable.
1 Like all models, an EvntController object is also defined to specify run
and warrrup times.
1 ExperimentManager is an efficient object assigned to this software used
to design and run experiments. This tool is used to alter arrangements
and CV levels and compare the results.

In addition to the main model (figyr8), two other models idifferent frames
have been developed to run steady state analysis and operator numbers analysis.
These models are just modified versions of the main model and are presented in
appendix 2.
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Figure 4.2 Simulation ofthe main modelusing thePlant Simulation software
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4.2 Experiments design

After implementing the case study in the software, as mentioned in the previous
chapter, the verification and validation of the mbde¢ proceeded. In this
section, the design of the experiments for testing the first hypothesis and
answering the first two research questions have been described. First, the variables
of the model should be defined and their values should be specéddrBtne
first research question, the arrangement of different skill level workers is variable
and the effect of this variable on the throughput per hour is of interest to this
study.

To determine the entrance sequence for different skill workers ltnethe
(referred to as the arrangement of workers in this report), four different policies
and eleven different patterns have been consitabdel 4.1). These patterns
have been obtained through a literature review and several trial experiments. They

are escribed as follows:
Table 4.1 Considered arrangement of workers

Policy Pattern Arrangement
H: High skill workers™aA™"Random P1 Arranged Randomly
M: Moderate skill - 5= & Skills P2 TH-IMFIL ...
workers
L: Low skill workers P3 2H-2M-2L ...
Numbers in P4 TH-7TM-7L ...
arrangements present P5 14H13M13L
the quantity of worker: P6 131-13M-14H

placed sequentially

In P2, P3, and P4 the P 13M131-14H
displayed pattern is C: ReversecBowI-shape P8 7H-6M-13L-7M-7H
repeated up to 40 P9 14H-13L-13M
workers D : Bowl-shape P10 7L-6M-14H-7M-6L

P11 13L-14H-13M

Policy A: To simulate a condition in which worker arrangement is not taken
into account, the workers should be arranged in random order. Therefore, a series
of random numbers was generated and assigned by MS Excel to arrange all three
types of workers. Ehresult is an arrangement which does not follow any special
pattern.

Policy B: In this policy, similar skill workers are grouped separately and in the
form of different patterns. Different sizes for skill groups have been considered.
Inside the groups patterns P2, P3, and P4, the variability is ascending. However,
in patterns P5, P6, and P7 the other forms are also considered.

Policy C: The concentration of high variability (low skill workers) is in the
center of the arrangement. This arrangememsfarreversed bowl shape. For
this policy, we can consider two different patterns. The variability might rise
gradually from two sides toward the center (P@laiively steadynd medium
variability might be placed separately to the sides of thegR8nter
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Policy D: The concentration of low variability (high skill workers) is in the
center of the arrangement and it looks like a bowl shape. Similar to policy C, two
patterns (P10 and P11) can be considered.

In the second research question, the effeitteodegree of imbalance or the
variability levehas been questioned. Therefore, the Coefficient of Variation as an
appropriate indicator of variability should be considered in different ranges and
magnitudes to represent the possible differanabiliy in worker operation
times. Having considered three levels of skill for the workers, three degrees of CV
are required. Thus, the five different sets of CV have been defined to present
various possible conditiom$owever, since in our case study theilaision for
the operation times has been considered triangular distribution with equal mean,
coefficient of variation cannot be higher thanThds, in order to have higher
variance and to examine the hypothesisandifferent distribution, the model
has applied the Weibull distribution as well. Accordin@5{o in practice,
operation times of unpaced lines are described best by this positively skewed
distribution. &ble 4.2 presentbet considered CVs imiangularand Weibull
distributions.

Table 4.2 CV (1) to CV (5):triangular distributiorand CV (6) to CV (8): Weibull distribution

Description Workers' High Moderate Low
Skill level il ill ill
small value & small difference CV (1) 0.05 0.1 0.15
large value & small difference CV (2) 0.3 0.35 0.4
medium value & medium differencg CV (3) 0.1 0.2 0.3
large value & medium difference | CV (4) 0.2 0.3 0.4
large value & large difference CV (5) 0.05 0.2 0.4
large value & medium difference | CV 6) 0.2 0.3 0.4
High level variability CVvD 0.3 0.5 0.99
large value & large difference CV B 0.2 0.5 0.8

As described in the table, the CVs are defined based on the values and
differences between skills.

Before running the model, we need to set the initial parameters to run the
model i.e. the warm up period, the length of run, and the replication number.

4.2.1 Steady state analysis

Steady state analysis (as stated in section 3.3.3) is used to determine the warm
up period, or as specified in Tecnomatix Plant Simulation (TPS), the period in
which the statistics of simulation runs are not collected. The selected method for
this analysis is the Welch model. The procedure bal&&] ltas been described
in four st@s as follows.

Step 1the model run for length of m units (here 200 hours) and n replications
(here 10 observations) and observations of each unit is recorded.

Step 2 the average number of observations of n replications for each unit is
calculatea@nd illustrated in a plot (figur&)4.
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Step 3to smooth out the high frequency of plot, the moving average method is
used and the result is a smoother plot (figdye 4.

Step 4 once the quite smooth curve is obtained from the moving average, the
lengthof the warm up period can be determined by finding-thki& at which
the curve starts becoming steady).

Avg
34,00
33,00
32,00
31,00
1000 A [}
29,00 ——Avg
28,00
27,00
26,00
25,00
24,00

1 13 25 37 49 61 73 85 97 109121133145157169181193
Figure 4.3 Ten replicatioraveragdor throughput per hour
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1
r 1
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30,00
29,00 J ” _X\?Vi”g
28,00 / ’
27,00 l
26,00
25,00
24,00

1 12 23 34 45 56 67 78 89 100111122133144155166177188199
Figure 4.4 Moving averagéor ten replicationgor throughput per housind warm up period

The experiment which is analyzed here is using pattern P2 and CV (5). The
analysis has been accomplished by MS dbfteare and, as illustrated in figure
44, the xvalue 38 is the point at which a steady state starts. This means that the
data between 0 and hour38 should not be collected in the simulation run. This
procedure has been carried out for all experimentsevidq since the
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experiments should be compared with each other, it is better to specify identical
conditions for all experiments. Thus, the warm up period is considered hour 48,
which covers all the results of steady state analyses.

The length of run foall the experiments, after some trial runs and a discussion
with mentors, was specified as 480 hours.

4.2.2 Replication analysis

On account of variability and randomness, it is not correct to make a decision
based on a single run of the simulation model. Thusduce the error of the
result, we need to find an appropriate number of replications. The method for
replication analysis has been described in section 3.3.3. Here, the result of the
experiment used in the previous set¢tambeen illustrated.

The initial replication that has been selected is 10 and the level of confidence is
considered 95%.

The calculation is according to table 4.3. It is observable from the table that the
standard error is a very small value and it is lower than the comehai le
precision. Therefore, there is no need to continue the procedure in this case.

Table 4.3 calculation of standard error in replication analysis

No. replications MEAN STDEV Standard error

10 30.15 0.029 0.02

This procedure has been repeated for all experiments and the results were
similar. Thus, the replication number was decided to be 10 for all experiments to
have identical conditions.

4.2.3 The number of workers

Before considering the arrangemerthefworkers, we need to determine the
number of workers in the line. As mentioned in the literature review paidk the
of production rate is reachable when the number of workers is equal to the
number of station®]. Since the effect of the number airkers is important in
this study, we designed a series of experiments to investigate this problem and
choose an appropriate number.

In this simulation, the workers were only considered from one type and the
condition with no buffer was taken into accoast well. Thus, the four
experiments were formed as follows: the low skill workers (CV of 0.15) with and
without buffers and high skill workers (CV of 0udth) and without buffers.

Then the number of the workers is defined as variable. The result of the
simulation run is illustrated in table Zhk table shows thet both low skill and
high skill the experiment withorty workersresults inhighestthroughputwhen
the buffer is not considered. However, when the buffer is considered, the
maximum throughput requiresre workers. Due to considering the buffer, the
throughput rate is higher than in the corresponding situation without a buffer.
Therefore, a balance should be HKegtiveen the numbers of workers and
throughput level. According to these experiments and consulting with an
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industrial mentor, we decided to consider 40 workers (the optimum number

according to literature) in all experiments of this study.

Table 4.4 Simulation results considering different numbers of high and low skill workers with and
without a buffer

Just Low Skill (CV: 0.15) without buffer

No. ~of Experiment Throughput Star?d"?‘rd Minimum | Maximum !_eft Right
Workers| PerHours Deviation interval |interval
38 Exp 1 33.56273148|0.01274667| 33.546296| 33.583333| 33.55361 33.57186
39 Exp 2 33.70578704|0.01241541( 33.685185| 33.719907( 33.6969 | 33.71468
40 Exp 3 33.71157407|0.00708869( 33.699074| 33.722222( 33.7065 | 33.71665
41 Exp 4 33.71157407|0.00708869| 33.699074] 33.722222| 33.7065 |33.71665
42 Exp 5 33.71157407|0.00708869| 33.699074| 33.7222222 | 33.7065 |33.71665
43 Exp 6 33.71157407|0.00708869( 33.699074| 33.722222( 33.7065 | 33.71665
44 Exp 7 33.71157407|0.00708869| 33.699074| 33.722222| 33.7065 |33.71665
Just Low Skill (CV: 0.15) with buffer

38 Exp 1 33.65 0.01923758| 33.627315| 33.685185| 33.63623 33.66377
39 Exp 2 33.92384259|0.00797781| 33.909722| 33.935185| 33.91813 33.92955
40 Exp 3 34.06574074|0.01145515( 34.050926| 34.090278( 34.057541 34.07394
41 Exp 4 34.13773148|0.01574717(34.108796| 34.159722( 34.12646 34.14901
42 Exp 5 34.15578704|0.01069446| 34.143519( 34.178241| 34.14813 34.16344
43 Exp 6 34.15439815|0.01431322(34.134259| 34.180556( 34.14415 34.16465
44 Exp 7 34.15833333|0.01570742| 34.134259| 34.180556| 34.14709 34.16958
Just High skill: CV: 0.05 without buffer

38 Exp 1 36.5925 0.00950146| 36.579167| 36.604167( 36.58066 36.60434
39 Exp 2 37.28 0.00684653|37.275 37.291667|37.27147 37.28853
40 Exp 3 37.65166667|0.00631906( 37.645833|37.6625 |[37.64379 37.65954
41 Exp 4 37.65666667|0.00631906( 37.65 37.666667|37.64879 37.66454
42 Exp 5 37.65666667|0.00631906| 37.65 37.666667|37.64879 37.66454
43 Exp 6 37.65666667|0.00631906| 37.65 37.666667|37.64879 37.66454
44 Exp 7 37.65666667|0.00631906( 37.65 37.666667|37.64879 37.66454
Just High skill: CV: 0.05 with buffer

38 Exp 1 36.59541667|0.00634952| 36.583333| 36.604167| 36.59087| 36.59996
39 Exp 2 37.29125 0.00772052|37.283333|37.304167| 37.28572/ 37.29678
40 Exp 3 37.73375 0.00888238|37.725 37.75 37.72739 37.74011
41 Exp 4 37.84916667|0.00645497|37.841667| 37.858333| 37.84455 37.85379
42 Exp 5 37.87875 0.00634952| 37.866667|37.8875 |37.8742 (37.8833
43 Exp 6 37.88166667|0.00814604(37.866667|37.891667(37.87583 37.8875
44 Exp 7 37.88208333|0.01058658| 37.858333( 37.9 37.8745 | 37.88966
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5 Results and Analyses
5.1 Worker arrangement & degree of imbalance

5.1.1 Comparison of different arrangements

After defining variables and simulation parameters, the model is ready to run. In
TPS software, the ExperimentManager tool is used for running numerous
experiments at the same time. This tool makes it possible to ecdh®ar
throughput of different arrangements. To investigate the first research question
we need to run our identified patternsdfP1L1) with one of the determined CV
levels. The chosen level for this stage is CV (5). Therefore, the simulation model
accorahg to the previous stated settings has been prepared and run. The result
obtained from ExperimentManager is presented in table 5.1.

Table 5.1 The results of ExperimentManager for 11 patterns and CV (5)

Expeiment | Throughput Standard Minimum Maximum Left interval Right interval
PerHours Deviation bound bound

Exp 01 30.24468 0.025194 30.19676 30.27778 30.22664 30.26271
Exp 02 30.15185 0.029183 30.10417 30.19213 30.13096 30.17274
Exp 03 30.24537 0.034765 30.16667 30.29398 30.22048 30.27026
Exp 04 30.67454 0.043665 30.61806 30.75694 30.64328 30.7058
Exp 05 30.84282 0.022534 30.80556 30.87963 30.82669 30.85896
Exp 06 30.84491 0.024643 30.80324 30.88194 30.82726 30.86255
Exp 07 30.84583 0.031022 30.79398 30.88657 30.82362 30.86804
Exp 08 30.88542 0.051197 30.82407 30.97685 30.84876 30.92207
Exp 09 30.85023 0.029825 30.79398 30.89583 30.82888 30.87158
Exp 10 30.87778 0.02992 30.82176 30.92593 30.85636 30.8992
Exp 11 30.85347 0.033153 30.80324 30.90278 30.82974 30.87721

The experimentumberdExp 01, Exp 02 ...) correspond to the patterns. The
second and third columns respectipedgenthe Mean and Standdbeviation
of 10 replications of the average throughput per hours. The fourth and fifth
columns show the range of the results anashéwo columns are based on the
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Figure 5.1 The result for CV (5jMean andConfidence interval)
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95% confidence intervakigure5.lillustrates the ressibf 11 experiments in a
chartwherethe Mean and Confidence interval for throughput per hours has been
displayed.

To analyze the results we prepared table 5@ drasiee average throughyput
perhoursranked in descending order

In the first research question, we questioned the existence of any significant
effect of theworker® arrangemenbn the throughput of the lindn the
odi fference f r om ebectt of diffecent ar@ahgemmamis is t h e
observable. For example, the difference between the average throughput per
hours of pattern P11 and pattern P2 (the lowest result) is 0.7. The difference
between other patterns is also calculable.

Table 5.2 Simulation resulbf CV (5) in descending orde¢H.skill: 0.05, M.skill: 0.2, L.skill: 0.4.

Arrangement Throughput Difference Standard Left Right

PerHours from bottom Deviation Interval interval
P8 7H6M-131-7M-7H 30.88541667 0.73356481 0.051197 30.84876 30.92207
P10 | 7L-6M-14H7M-6L 30.87777778 0.72592593 0.02992 30.85636 30.8992
P11 | 13L:14H13M 30.85347222 0.70162037 0.033153 30.82974 30.87721
P9 14H13L-13M 30.85023148 0.69837963 0.029825 30.82888 30.87158
P7 13M-131-14H 30.84583333 0.69398148 0.031022 30.82362 30.86804
P6 13L-:13M-14H 30.84490741 0.69305556 0.024643 30.82726 30.86255
P5 14H13M-13L 30.84282407 0.69097222 0.022534 30.82669 30.85896
P4 TH7M-7L ... 30.67453704 0.52268519 0.043665 30.64328 30.7058
P3 2H2M-2L ... 30.24537037 0.09351852 (0.034765 30.22048 30.27026
P1 Random 30.24467593 0.09282407 0.025194 30.22664 30.26271
P2 1IHIM-1L ... 30.15185185 0 0.029183 30.13096 30.17274

As we discusseid section 3.3.4, the comparison of alternaskiesld be
statisticallyanalyzed Thus, according to the described method, to draw a
conclusion based on results, differences of ten replications and their confidence
intervals should be calculated. TaBeiriicates these calculations for CV (5)
which is done by MS Excel. The last three columns are the results of calculation.
They indicate theairedt confidence intervals for the difference between the
random pattern (P1) and all other patterns. As wesesain the last column,
excluding pattern P3, all other patterns with almost 95% confidence are different
from the random pattern. To reackO(@5) overall confidence level (according to
the Bonferroni inequality the individual confidence level fachepair has been
considered ¢0.005).

According to this analysis, arranging workers with three different skill levels in a
specific order can significantly improve the throughput of the line. This result
corroborate the first hypothesis of this studyichihstates thathanging the
arrangement of the workers with different variability significantlys dffect
throughput of a linear walking worker assemblyTlieemaximum improvement
in this comparison is the difference between pattern P8 and patfEnsFd.in
fact the improvement which can be obtained by arranging workers in specific
pattern of P8 rather than just a randonummplannedarrangement. As it is
observable from the table, the improvement in the throughput is on average 0.64
(2.12% orit is with a probability of 0.95 betwde®8%and2.35%
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Table 5.3 The paireet confidenceintervak for differences between random patteand ten other
patterns withan overallconfidence level 00.95 and an individual confidence level of-(1005).

Rep. Pattern Pattern Pattern Pattern Pattern Pattern Pattern Pattern Pattern  Pattern
No. 1&2 1&3 1&4 1&5 1&6 1&7 1&8 1&9 1&10 1&11

1 -0.085648 -0.032407 0.3518519 0.5925926 0.6064815 0.62037 0.585648 0.6296296 0.636574 0.5717593
2 -0.085648 -0.006944 0.4791667 0.5416667 0.6041667 0.604167 0.650463 0.5833333 0.648148 0.6111111
3 -0.12037 -0.013889 0.4791667 0.625 0.5763889 0.594907 0.604167 0.6087963 0.62037 0.5856481
4 -0.106481 0.0439815 0.4351852 0.6018519 0.599537 0.604167 0.715278 0.6111111 0.634259 0.6597222
5 -0.076389 0.0162037 0.4236111 0.5787037 0.6111111 0.56713 0.75 0.6435185 0.648148 0.6435185
6 -0.152778 -0.090278 0.4027778 0.6041667 0.5856481 0.613426 0.578704 0.6018519 0.592593 0.5972222
7 -0.113426 0.0300926 0.4212963 0.5925926 0.5787037 0.55787 0.634259 0.6041667 0.615741 0.5532407
8 -0.037037 0.0462963 0.4027778 0.6296296 0.6134259 0.587963 0.601852 0.6180556 0.599537 0.5810185
9 -0.12037 -0.020833 0.4143519 0.5833333 0.5486111 0.608796 0.587963 0.5393519 0.652778 0.5902778
10 -0.030093 0.0347222 0.4884259 0.6319444 0.6782407 0.652778 0.699074 0.6157407 0.68287 0.6296296
Avg -0.092824 0.0006944 0.4298611 0.5981481 0.6002315 0.601157 0.640741 0.6055556 0.633102 0.6023148
Confidence -0.137412 -0.048994 0.3803199 0.566186 0.5606792 0.569788 0.569501 0.572521 0.601598 0.5633042
Dl -0.048236 0.0503827 0.4794023 0.6301103 0.6397838 0.632527 0.711981 0.6385901 0.664606 0.6413255
Result Different dNi?fterent Different Different Different Different Different Different Different Different

In table 5.2, we can detect the maximum difference or improvement. Based on
average throughput per hours, the difference between the top pattern (P8) and the
bottom pattern (P2) i6.73 In other words by arranging workers in the P8
pattern, we can improvke throughput over theorst pattern by up to 2.43
percent (or with 95% probability it will be betw2e30062.57%).

Since throughput improvement through different arrangements of workers was
confirmed in the analysis above, the second part afsthesearch question can

be investigated. The requirement is determining a pattern(s) which yield to the
highest throughput. Only considering the average throughput according to table
5.2, pattern P8 will be the best alternative. However, this shotdtistieadly
analyzed to demonstrate significant differences between P8 and other patterns. It
is evident fromifure5.1t hat the results of patterns
together. Therefore, we decided to examine the difference between patieern P8 a
six other patterns. Since the overall confidence level is set to 0.95, each individual
pair should be considered0(D083). According to the results, the confidence
intervals do not show any significant difference between the compared patterns
(table ). However, if we do not consider the comparisons simultaneously, the
confidence level for each pair can be set at 95%, which then means that P8 will be
superior to P6 and P11. There is a common characteristic amopgtteese
suchthat all low leveskills have been placed togetidthough pattern P10

looks excluded, the following description would reject this difference.
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Table 5.4 The paireet confidenceintervak for comparisondetween patter®8 and patterns P5, P6,
P7, P9, P10, and PIith an overallconfidence level 0€1-0.05) and an individual confidence level of
(1-0.0083).

Rep. No. Pattern 8&5 Pattern 8&6 Pattern 8&7 Pattern 8&9 Pattern 8&10 Pattern
8&11

1 -0.00694 -0.02083 -0.03472 -0.04398 -0.05093 0.013889
2 0.108796 0.046296 0.046296 0.06713 0.002315 0.039352
3 -0.02083 0.027778 0.009259 -0.00463 -0.0162 0.018519
4 0.113426 0.115741 0.111111 0.104167 0.081019 0.055556
5 0.171296 0.138889 0.18287 0.106481 0.101852 0.106481
6 -0.02546 -0.00694 -0.03472 -0.02315 -0.01389 -0.01852
7 0.041667 0.055556 0.076389 0.030093 0.018519 0.081019
8 -0.02778 -0.01157 0.013889 -0.0162 0.002315 0.020833
9 0.00463 0.039352 -0.02083 0.048611 -0.06481 -0.00231
10 0.06713 0.020833 0.046296 0.083333 0.016204 0.069444
Avg 0.0425926 0.0405093 0.0395833 0.0351852 0.0076389 0.0384259
Confidence -0.0319072 -0.0154638 -0.0343185 -0.0234327 -0.0475914 -0.0034331
interval 0.1170924 0.0964823 0.1134851 0.0938031 0.0628691 0.0802849
Result Not different  Not different  Not different  Not different  Not different gi(f)fterent

The bowl and reversédwl arrangements have been discussed in the literature
as the main considered patterns, of which the bowl shape pattern could improve
the line most and the reversed bowl would usually result in low performance.
However, here the caitidn is different due to the walking aspect of this line. As
stated before, the arrangement of workers here actually illustrates the sequence of
the workersd entrance to the Iine. Thus
line, the pattern will bepeated by returning the first workers to the beginning of
the line so that the low skill workers in the end of the pattern will be combined
with the first ones and therefore, all the low skill workers will be grouped together
(figure 5.2). In additioas show in figure 5.2therepetition of the pattern causes
the bowl and reversed boshape to be present in the same sequence. This is
same for the patterns which are just different in the skill level orders.

First round
Second round

13L
Bowl shape
High variability 7L 6L 7L
Mediumvariability | 6M ™ |
Low variability 14H
b ! Reversed S—
Bowl shape

Figure 5.2 Scheme ofpatternP1Q repetition of the pattern with returning workers to the beginning
of the line.
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According to figure 5.1 and table 5.2, after analyzing the top patterns, we could
consider pattern P4 ranked as secomdpatterns P3 and P1 ranked as third and
last, as mentioned, is P2 at the bottom. This is supported by statistical analysis as
well.

In summary, the comparison of the considered patterns in the CV (5) level of
variability concluded the following points:

A Arranging different skill workers in the specific patterns would lead to
improvements in the throughput of walking worker assembly lines.

A The best policy to achieve high throughput is grouping all low skill
workers together, which includes patterns P5ltanRhis study.

A In the separate skill policy of the worker arrangements, the more same
skill workers that argequentiall placed together, the better the result
(patterns P5, P6, and P7 with the highest union showed better results
than P4, and in turn Pdetter than P3 and, at the bottom, P2 with
completely separate skills).

A As discussed, the orders of skill levels would not change the patterns due
to the repetition of patterns by the walking workers. Therefore, despite
fixed assembly lines, the ordeslofl levels does not significantly affect
the throughput (pattern P5, P6, and P7 are not significantly different).
Due to the same reason, the bowl and reversed bowl shaped patterns are
not different from each other.

5.1.2 Degree of Imbalance

This section irends to investigate the second research question or hypothesis. In
the previous section, the effecttioé arrangement of workers with different
variability on the throughput was corroborated. However, the influetiee of
variability levebr degree ofmbalanceon the validity/magnitude of this effect
wasnot discussed. Experimental design has determined the different variability
leves through different sebf coefficient of variations thaerestated in section

4.2 the five CV sets for thwiangular distribution and the three sets for the
Weibull distributionln this part, the same experimé&oim the prior part has

been repeatddr new CVslIn addition, analysis of these experiments can support
the conclusions drawn from the previous par

In each experiment, by assigning the right quantitgvoa r i SkitlsVa , 0 t h e
process times of stations were set to the desired variability level. The other
settings are the same as the previous experiments. The results from the software
separeely for each CV level, in descending order and with a column to show the
improvement over theorstresult are presented in appendix 3.

Table5.5 exhibits the average throughput difference between each pattern and
worst pattern (potential improvement). fdover, it shows the rank of each
pattern based on the improvement quantity. This analysis helps to compare the
results of different CV levels and the effect of the probability distribution of
operation times. As we mentioned in the experiment desigmn,sdict
considered distribution for the case study is triangular distribution. However since
we need to examine high levels of variability, we decided to consider another
distribution as well (the Weibull distribution). This would give a possibility to
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exanine the effect of the different probability distributions on the throughput. In

setting the coefficient of variations, the mean quantity was considered the same as
triangular distribution, 90 seconds. By creating different variances, the three
different G/s were determined. The CV (6) has been set almost at the same level
compar e

of CV
comparison.

(4)

t o

t he

t wo

di

stri

Table 5.5 The comparison of different Clévels the numbers below each CV respectively display the
value of the coefficient ofariation of high moderate, and low skill workers.

Considered C\ PL P2 P3 P4 P5 P6 P7 P8 P9 P10 P11
levels

CV (1) Improvement 0.03 0.00 0.03 0.17 0.26 0.25 0.26 0.27 0.25| 028 0.25
Rank 10 11 9 8 3 7 4 2 6 1 i5
CV (2) Improvement 0.01 0.00 0.02 0.05 0.06 0.06 0.06|0.07| 0.04 0.06 0.06
035]04] | Rank 0 11 9 7 4 5 6 i1 i8 3 2
CV (3) Improvement 0.05 0.00 0.04 0.28 0.41 0.40 0.39| 044 | 0.40 0.43 0.40
Rank 9 11 10 8 3 5 7 {1 4 2 6
CV (4) Improvement 0.03 0.00 0.03 0.16 0.23 0.24 0.23{0.26i 0.23 0.25 0.24
Rank 9 11 9 8 7 4 6 1 5 2 3
CV (5) Improvement 0.09 0.00 0.09 0.52 0.69 0.69 0.69 073 0.70 0.73 0.70
0.05 Rank 10 11 9 8 7 6 5 1 4 2 3
CV (6) Improvement 0.06 0.00 0.06 0.23 0.32 0.32 0.31 0.34 0.31}0.35] 0.31
Rank 9 11 10 8 3 4 7 2 6 1 5
CV (7) Improvement 0.16 0.00 0.09 0.47 0.74 0.70 0.71)0.74|{ 0.70 0.74 0.68
[03]05[099] | Rank 9 11 10 8 2 6 4 {1 5 3 7
CV (8) Improvement 0.11 0.00 0.08 0.40 0.54 0.53 0.56|0.59| 0.56 0.56 0.53
[02]05]08] | Rank 9 11 10 8 5 7 3 {1 4 2 6

butii

According to this table and corresponding chart (figure 5.3), the difference is
significant just in the patterns with low throughput (P1, P2, P3). The difference
might be a result from the approximation which had to be considered in setting

the CVs for thge two distributions. However, in this comparison, the importance
for our study is the effect of different patterns on the throughput. Based on the

figure 5.3, the stated effect for two distributions is quite similar.

Return to table 5.5, the highest iovement (Rank 1) of each CV level, which

is identified in the table, can be a criteria to compare these CV levels. CV (7) and
CV (5) have produced the best results and on the other hand, the least
improvement is through CV (2), which is not a significamtirg (just 0.07 or
0.24%). Therefore, there is a significant difference (greatest is 0.67) between the
improvements obtained from different CV levels.
answer our second research question, which examines the effect of variability

levels on thevalidityor magnitude ofhe results from the previous section. The

This is evidence that can

differences mentioned in the improvements through the change of CV levels
emphasize the effect of CV (variability) on the magmitude first hypothesis.

On the other had, the insignificant improvement that resulted (CV (2)) implies
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that the validity of hypothesis one depends on the CV or more precisely the
variability level of worker operation times.

CV (4) & CV (6):
(H.skill:0.2, M.skill:0.3, L.skill 0.4)
Triangular | Weibull Difference 295
P1 | 29.175 29.116667  0.058 29,4
P2 | 291474537 | 29.053935 @ 0.094 23
P3 | 29.175 20.11088  0.064
P4 | 29.30439815 29.283565 @ 0.021 29,2 \// —rrn
P5 | 29.37615741 29.372222 | 0.004 2ot LN\
P6 | 29.38425926 29.368981 @ 0.015 TN ——Weibull
P7 | 29.37800926 29.359491 @ 0.019 29
P8 | 29.40347222 29.391435  0.012 2.9
P9 | 29.38055556 29.36713  0.013
P10 29.39699074 29.4 -0.003 2884
P11 29.39027778 29.367593  0.023 123456 7891011

Table 5.6 The average throughput result of
Weibull and triangular distributions and
their difference at the same CV level.

Figure 5.3 The comparisonf Weibull and
trianaular distributions at the same @Yel.

Other observations through the results of the experiments of this section are

outlined as follows:

A The difference among the coefficient variations in CV(1) and CV (2) is equal
to 0.1, however CV(1) which has lower coefficient of variation size (0.05,
0.1, 0.15) compared to CV (2), led to higher improvement, this is true for
CV (3) and CV (4).

A Through a comparison of CV (2) and CV (5),both having large GSAkize,
(5)causes considerably higher improveswnpard to CV (2)

A The last two CV levels haveebeapplied to examine the effect of moderate
level variability. CV (7) with the highest variability (0.99) could just improve
the throughput up to CV (5) which has small variability of 0.4, and CV (8)
cannot even reach to the improvement of CV (5).

5.2 Modification of worker number s

In this section, we intend to examine the influence of worker numbers in the
throughput of the line when different skill levels are considered for walking
workers. The investigation enables the third research question to tedafswe
the experiments design, we analyzed the numbers of workers when only one type
of worker is considered. However, when different skills are considered, their
arrangement is important.

The selected patterns for these experiments arel4PESK]|I-13LSkll-
13MSKll) and P8 {H.Skll-6M.Skll-13LSkll-7M.Skll-7H.Skll) and CV (5) has
been considered for the variability level. The object is decreasing some numbers
of workers to observe the extent of the effect on the throughput. Table 5.7
demonstratethe results of two series of experiments. The upper part of the table
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is related to pattern P9 which shows the reduction results of low and high skill
workers, and the lower part is similar to the result for pattern P8. The column
with theEffeclabel displays the influence of changes on the througbgatiye
numbers express the reduction of throughput). The interesting result here is the
increase in the throughput (about OChighlighted in the table) through the
reduction of one low skill wieer. This increase (tested for pattern P8) based on
the pairedt confidence intervalith 95% confidence is statistically significant.

Table 5.7 The resul of reduction of workers on the throughput

Pattern9: 14HighSKL.3LowSkl3ModSk

Change of Experi Throughput Effect Standard Minimum Maximum Left Right
workers' No. ment PerHours Deviation interval interval
bound bound

Nochange |Expl 30.85023 0.000 0.02983 30.79398 30.89583  30.82888 30.87158
1Lowsidrop | Exp2 30.87986 [ 0.080 | 0.02086  30.84954 30.90741  30.86493 30.89480
2 LowsSkdrop| Exp3 30.81944 -0.031 0.03346  30.77083 30.89352  30.79549  30.84340
3Lowskdrop| Exp4 30.66296 -0.187 003575 30.59954 30.70602  30.63737 30.68856

5LowSkdrop| Exp 5 30.10139 -0.749 0.02058 30.07176 30.13194 30.08665 30.11612

1 HighSk drop] Exp 6 30.66319 -0.187 0.01453 30.64815 30.68981 30.65279 30.67360
2 HighSk drop] Exp 7 30.37153 -0.479 0.01989 30.33565 30.41204 30.35729  30.38577
3 HighSk drop] Exp 8 30.01736 -0.833 0.02527 29.96528 30.04861 29.99927 30.03545
4 HighSk drop] Exp 9 29.08542 -1.765 0.03227 29.04167 29.12963 29.06232 29.10852

Pattern 8: 7HighSI6ModSk13LowSk7ModSk7HighSk

. Left Right
Change' of Experi Throughput Effect Standard Minimum Maximum interval interval
workers' No. ment PerHours Deviation
bound bound

Nochange | ExpOl 30.88542 0000  0.05120  30.82407 30.97685 30.84876 30.92207
1 LowSk drop| Exp 02 30.92384 [ 0.038 | 0.02097  30.89352 30.95833 30.00883 30.93886
2 Lowsk drop| Exp03 30.8419  -0.044 003026  30.81019 30.91435 30.82023 30.86356
3 Lowsk drop| Exp04 30.67616 -0.209 003641  30.60417 30.72685 30.65009 30.70223
4 Lowsk drop| Exp 05 30.43773 0.448 003451  30.39815 30.49769 30.41302 30.46244

5 LowSk drop| Exp 06 30.1044  -0.781 0.04114 30.05556 30.17824  30.07494 30.13385

1 HighSk drop|] Exp 07 30.69537 -0.190 0.02778 30.65509 30.73148 30.67548 30.71526
2 HighSk drop] Exp 08 30.40694 -0.478 0.03041 30.35417 30.45602 30.38517 30.42872
3 HighSk drop| Exp 09 30.04005 -0.845 0.02266 30.00926 30.07407 30.02383 30.05627
4 HighSk drop] Exp 10 29.60093 -1.284 0.03083 29.55556 29.63889 29.57885 29.62300
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According to the results
once the | oyv 3

. —o— Pattern 9
reduction goes beyond on 3;g

the throughput decreases —=—Pattern 8
30,6

expected. The throughpt \ Pattern 2
fall is steep for the hig 304
skill worke AN

30,2

N

The results provoked th
idea of comparing tho 30
effect of reductionand the
result of the wors patter
(P2) to evaluate the gain 29.6
. No 1 LowSk 2 LowSk 3 LowSk 4 LowSk 5 LowSk
improvement through th change drop  drop  drop  drop  drop
arrangemnt of workers
Since the selected patter Figure 5.4 Low skill workerreduction compared with P2
are among the best
arrangements, their throughput while they have less workers can be compared
with the throughput oWors pattern (or random arrangement). As illustrated in
figure 5.4, a decrease of low
31 skill workers can continue up
== Pattern 9 .

205 o to four and still produce a

’ w—Pattern higher  throughput than
Patten 2 nattern P2. In figure 5.5, this

\- number for the high skill

29,8

AN

30

29,5 workers is two.
These observations signify
29 that in pattern P9/P8, the
28 5 number of workers in the
line can be decreased up to
28 four low skills/two high skills

1 HighSk drop 2 HighSk drop 3 HighSk drop 4 HighSk drop Whereas the throughput
Figure 5.5 High skill workerreduction compared with p2. feémains higher than pattern
P2. This result implies the
significance of the gained improvemimbugh arranging workers. In other
words, the improvement through arranging workers in a specific order can save
the cost of using four low skill workers or two high skill workers.

These experiments have been selected as example of possible meddication
emphasize the significance of our results, of course other results through the
alterations of moderate skill workers or modification of workers for other patterns
might be interesting as well.
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5.3 Unbalanced Vs. Balanced line

In the literaturereview, the bowl phenomenon is discussed and different
investigatiosmregardingt arepresented. Therefore, in this se¢toa intend to
examine the existence of this phenomeanwralking worker assembly lines.

In order to do this experiment we needdta new series of arrangenssior
workers. The experimerdse designed according to the points belwogv are
summarized in Table 5.8

9 The line with 40moderate skill workens the balanced lineand the
unbalanced lines are considered with theshkilekvels

1 The unbalanced patterns are arranged based on pattern P8 (reversed bowl
shape)This pattern, as we explained before, is equal to the bowl shape and
resuls in the best average throughput per hour in moshefprevious
experiments.

1 The sum of CVs itheunbalanceg@atterns shoulde equalo the balanced
one.Therefore, the numbers of high and low skill workers should be equal.

1 Unbalanced patterns are considered with a difféegnéeof imbalance
which means that theariability m the line is controlledy considering
differentnumbes of high or low skillsvorkers.

1 This experiment uses three levels of variability to examine this phenomenon;
CV (1), CV (3), and CV (8).

Table 5.8 Unbalanced line patterns

Experiment Balanced line

Exp 1 40 Moderate Skill
Unbalan&d patterns

Exp 2 7H, 7M, 13L, 7M, 6H

Exp 3 6H, 9M, 11L, 9VHH

Exp 4 4H, 1M, 8L, 12M, 4H

Exp 5 2H, 16M, 4L, 16M, 2H

Exp 6 7H, 5M, 15L, 5M, 8H

Exp 7 11L, 11H, 18M

Exp 8 8L, 8H, 24M

The eight experiments have been run in the software and the results for the
three levels of variability/CV are displayed in Table 5.9.

The results are ranked in descending order according to the thraughpat
column Difference shows the difference between the balanced line and
unbalanced patterns. As it is observed in this column, there are no patterns which
could surpass the balanced line. The closestoabdtbalanced line throughput
isthe Exp5 with CV (1)jeault. This means thaiccording to our results, based on
our experiment set up, there is mbbalanced pattern which could improve the
balanced line.
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Table 5.9 Results otompaison betweemnbalanced patterrmnd balanced line

CV (8): Weibull Dis. H.skill 0.2, M.skill 0.5, L.skill 0.8

' oot.Throug _ Standard o _ !_eft Right
Experiment hputPerHo | Difference Deviation Minimum Maximum interval interval
urs bound bound
Exp 1 24.370833 |0 0.026747 24.328704 | 24.412037 |24.351685 |24.389982
Exp 5 23.737731 0.6331019 0.070297 23.650463 23.856481 23.687404 23.788059
Exp 4 23.302778 |1.0680556 |0.0383915 |23.238426 |23.347222 |23.275293 |23.330263
Exp 8 23.300926 1.0699074 0.0501365 23.231481 23.393519 23.265032 23.33682
Exp 3 22.976389 1.3944444 0.0447637 22.907407 23.032407 22.944342 23.008436
Exp 7 22.922917 |1.4479167 |0.0700934 |22.824074 |23.037037 |22.872735 |22.973098
Exp 2 22.791204 1.5796296 0.0495728 22.733796 22.905093 22.755713 22.826694
Exp 6 22.572454 |1.7983796 |0.0582963 |22.488426 |22.666667 |22.530718 |22.614189
CV (3): Trinagular Dis. H.skill 0.1, M.skill 0.2, L.skill 0.3
Experiment :Qer?ﬁggfsu Difference gt:l\;g?;?] Minimum Maximum hﬁgrval :Tllt?;:\t/al
bound bound
Exp 1 32.340046 |0 0.0133401 |32.314815 |32.356481 |32.330496 |32.349597
Exp 5 32.171528 |0.1685185 |0.0192886 |32.138889 |32.203704 |32.157719 |32.185337
Exp 4 32.084259 | 0.255787 0.0257351 | 32.046296 |32.122685 |32.065835 |32.102684
Exp 8 32.043981 |0.2960648 |0.0236821 |32.00463 32.074074 | 32.027027 | 32.060936
Exp 3 32.019444 | 0.3206019 |0.0180034 |31.988426 |32.046296 |32.006555 |32.032333
Exp 7 31.986806 |0.3532407 |0.0170121 |31.956019 |32.006944 |31.974626 |31.998985
Exp 2 31.972222 |0.3678241 |0.0205601 |31.951389 |32.016204 |31.957503 |31.986942
Exp 6 31.941898 |0.3981481 |0.0157925 |31.918981 |31.967593 |31.930592 |31.953204
CV (1): Trinagular Dis. H.skill 0.05, M.skill 0.1, L.skill 0.15
Experiment tgg?ﬁggfsu Difference gﬁﬂgﬁ:ﬂ Minimum Maximum :_n?efetrval i?llt?err]\t/al
bound bound
Exp 1 35.821759 |0 0.009387 35.800926 |35.833333 |35.815039 |35.82848
Exp 5 35.70787 0.1138889 | 0.0109557 | 35.68287 35.722222 | 35.700027 |35.715714
Exp 4 35.65162 0.1701389 |0.0110342 |35.636574 |35.671296 |35.643721 |35.65952
Exp 8 35.630787 |0.1909722 |0.0090807 |35.615741 |35.643519 |35.624286 |35.637288
Exp 3 35.619444 | 0.2023148 |0.0080336 |35.604167 |35.62963 35.613693 | 35.625196
Exp 7 35.594907 |0.2268519 |0.0093233 |35.578704 |35.608796 |35.588233 |35.601582
Exp 2 35.594213 | 0.2275463 |0.0077966 |35.583333 |35.604167 |35.588631 |35.599795
Exp 6 35.571296 | 0.250463 0.0134445 | 35.543981 |35.592593 |35.561671 |35.580922
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6 Discussion and conclusions
6.1 Discussion of findings

In generalindividuals cannot perform a series ofsteesyeatedlat the same
rate and the result of this is variation in the task firhg8esides deviation in
mean operation times, workers differ in the variability of their operation times,
which is usually pented by CYB3].

These differences can originate from various sources. The most apparent
differenceamongindividuals is in their level of ability. This can be due to
variances in experience levels, manual dexterity, or just pure discipline. The other
eaily obserablesource of distinction is the attitude people have towards their
jobs. A distinctive perspective towards life and work can be another source. It
causes differémesponses to various forms of motivation. Financial incentives
motivate peoplatdifferent levels and besdeh a t based on resear
different social aspects of work play significant roles in motivating y&ttkers

Regardless of the causes of individual differences, the effect of this
considerably significant vailiéyp on the assembly lines dsscussedn the
literature asnimbalance problem. Sinddlier and Boling nding$4], which
indicated that amnbalaned line @n produce even higher throughput than
balanced lin@n enormous amount of research has been undertaken to investigate
the unbalanced line in different conditions and with different source of imbalance

In this regard, current investigation ainadstudyingthe influence of
variability imbalanceon the output of walking worker assembly lines. The
investigation, which had not been considered thusafabe highly esteemed in
practice since it has explored thassibility of improvement without any
investmentonly by arranging workers with different bditg in the specified
patterrs.

In the final chapter of report, we intend to dis¢hesfindings from the
previous chapter and link them to the objects of the study. The research problem
as presented in the introduction [eas been broken down infeesific research
guestions and hypothes&kerefore, to ease the follow of discussionhave
subdivided the sectiamto the research questions as follows:

6.1.1 Does the arrangement of workers in any pattern cause a
significant improvement in the throughput of the line? If so,
which pattern would yield the highest throughput?

In the fixedworkerassembly line literature, the problem of arranging workers
with different variabilitiasbeendiscussed more clearlyElh Rayab work [13]
The result of hiexperimentswhich investigatéhe effect of differenstation
arrangements on the output rate considering unequaln@iated significant
improvement in the output through the aresmgnt ofworkers in bowshape.

The effect of worker differences on output tss beennvestigated for
moving workernbucket brigadegssembly linegs well[10] The research [47]
shows that when the workers are arranged from slowest to fastest and the task
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times or speed of workers considered deterministic, the bucket brigade
approach is very robust to worker differences

Regarding this problethe study [8] investigatése effect of randomness on
the output of the walking worker assembly lidewever the orderof different
vaiiabilitieshas not been considered in this study. The results sheigeificant
decreasen the effect of variable unbalance lelglsising fewer workers than
stations.

In this study, to examine the effect of arrangement on the throughput of the
walkng worker assembly line, eleven different patterns were considered. As
illustrated in the results and analyses chapter, based on the outcomes of simulation
runs and statistical analysis, the considered patterns could show significant
improvement over theafiern P1 (randomly arranged pattern) which simulate a
condition in whiclthe worker®arrangement is not taken into account. This result
in addition to answeg the first part ofthe research questioogrroborate the
first h Changind theairasgement of the workers with different
operational time variability, e.g. due to different skill levels, will significantly affect
the throughput of an assemblyle wi t h | i near wal ki ng wor

Based on average throughput per hour, pattern7R&M-13L-7M-7H)
showed the maximum output. It could improve the throughput ovevotise
pattern (P2) by up to 2.43 percent (with 95% probability be2\@@¥h 2.57%.

The gained improvement is significant comdpdce the corresponding
improvements in thexed assembly line, which is about 1to 2 pdcgnt

Based on the results of section 5.1, the patterns that yield the highest
throughput have common charactessiechthat all low level skills have been
placed togethemherefore, the best policy theeve high throughput is grouping
entire low skill workers together, which indpagéterns P5 to P11 in this study.
These patterns have not significantly been affected by the bowl or reversed bowl
shape. This is in conflict with fixed assembly ling @aeationed in the literature
review part) which based on bowl phenomemest throughput ressithrough
the bowl shape pattefh3]and35] Although we could not show the superiority
of the bowl shape pattern statistically, with just consideringevkraughput,
bowl or reversetdowl shape patterns (P9 & P8) aregdnkmberone in all the
results of different CV levels (section 5.1.2).

In the previous chapter, it was shatlvat the order of skill levels the
considered patterns, despite fixesembly lines, denot affectthe result. In
fact, the patterns with order displacement are the samesmhitetio walking
workers and repetition of patteriherefore, the order of skill levels does not
significantlyaffect the throughput (patterR5, P6, and P7 are not significantly
different). Due to the same reason, the bowl and reversed bowl shaped patterns
are not different from each other.

6.1.2 Does the variability level (variation in CV size and range) affect
the validity/magnitude of the previous problem?

The second research question considers the effect of CV levels on the previous
problem. The variability, which is indicated by CV here, could seflecal
detractorshatareavailable ithe workstation®r created by operatafghey jus
vary the variance (mean time is constant iNoejqualified operators, lack of
motivation and training of employees can be the mainssoiuhogh variance in
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task timeg16] [5]. Different considered variability/CV levels might represent a
conditionin thereal world.

Based on the previous chapter and concerning the second research question,

different obtained improvements through the change of CV lekeld evadent

that the variability level influences the magnitidthe first hypothesis. Qhe

other hand, the insignificant improvement (CV (2)) showed otliput
differenceghrough the arrangement of workers can be minor and this implies
that the validity of hypothesis one depends on the variability level of worker
operation times.

In additon to the stated finding, the following interpretations can be gained by

the analyzing the resulttbé previous chapter.

A Due toacomparison of the result of two considered distrits,tioseems
that probability distribution of the operation timesas significantly
effective on our problem validity/magnitude.

A In the comparison of CV (2) with CV (1) and CV (3) with CV (4), it was
found that for each pair the differences among CVs of three skills are equal,
but not the size of CVs. According to theults, once the workers have low
variability (CV size is small), higher improvement through arranging workers
IS expected.

A On account othe CV (2) and CV (5) comparison, higher improvement is
expected through the large differences among the @\slote skills

A In the worker arrangement policy of separats akdthrough comparing
the results of different CV levelscan be concluded thdhe moresame
skill workers arsequentiall placed together, the betlee resuls will be
The patterns P5, P6, and P7 wuiitd highest union showed better result
than P4 and in turn, P4 better than BB8d at the bottom P2 with
completely separate skills.

A In the literaturg26] three classes of variability based on the coefficient of
varidion are considered: low variability when the CV is less than 0.75,
moderate variability when it is between 0.75 and 1.33, and high variability
when it is more than 1.33. Based on this description, the last two considered
CV levels include moderate valigbiHowever, according to the obtained
results, no special effect is observable due to this level of varatajity
that havingrhigher CV size does not leadnicreasetmprovement.

The last finding is to some extent in conflict Wwhothesigl, which claim

that the effect of different variability levels will be more pronounced with the
increasing degree of imbalafideerefore, since the increase of variability in the
last two CV levelsan be consided anincrease in the degree of imbalance
hypothesis Il is rejected based on observations.

According to our literature review, no comprehensive investigation for the

influence ofthe degree of imbalan@®ncerning unbalancing or arrangement
problems could be found.
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6.1.3 How does variation in the number of walking workers influence
the throughput of the line?

In linear walking worker assembly lines, the effect of the blocking rate and in
process waiting time decrease considerably by optimizing the number of walking
workerswhich results in stabdeitput[51] [7], and[52] Therefore, in this type of
assembly lindgplerance of work time variation is better thanctresentional
fixed worker lin¢7].

In the expe&imens design, we investigated seledtiggnumber of workers
when only one type of worker is considered. However, when different skills
should be taken into accouthieir arrangement would be important.

This research question was formed based on the investigations in the literature,
which have caidered the modification and optimization of the number of
workers. Snce a nearly optimum number of workems selected in the
experiment design, the reduction of workers, whether low skill or high skill
workers, is expected to influence the throughpgatively However, an
unexpected result en increase in the throughput (about 0.03) through the
reduction of one low skill worker. This impaesgnificancenegative effect of
low skill workers on the line.

The comparison ofhe results of worker redtions with the resudt of the
worst pattern (P2) enabled the evaluation of the gained improvement through the
arrangemnt of workers basedlombest patterng.he observati@signify that in
pattern P9/P8, the number of workers in the line can beadedog up to four
low skilk/two high skif, whereas the throughput still remains higher ithan
pattern P2. The result implies the significance of the gained improlggment
arranging workers. In other words, improvement through the eanemtgf
workers in the specific order can save the cost of using four low skill workers or
two high skill workers.

These resultg addition toexistinditerature which emphaszgmodtolerance
of walking worker assembly lines agaiodt time variation, sha@ahatby just
arranging workens a specific order could gain even more benefits when the
variability of task times maser

6.1.4 Can unbalancing a line, in terms of CV, cause any significant
improvement in the throughput over the balanced line?

This reseah question inspexctthe bowl phenomenon which has been
elucidated inhe literature reviewHillier and Bolind4] found that assigning a
lower mean service time to the middle station of adfats@n production line
could obtain the optimal producticate In other words, the findiagnean that
in some conditiaan unbalanced lian produce better quit thana balanced
line.

The effect of unbalancimgsembllines in termef CV has beeaddressd in
several researdtudiessuch ag35] [36] and[13] and their resultendicate
improvemenbver the balancedine due to bowl phenomenon. However, some
researclsuch ag35]and[37Fkould notseeany improvemenh the casewith
longlines.
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Due to our resultghere is no evidende provethe siperiority of the bowl
shapedor reversed bowl shap®ttern ovethe balancedine. However, since
we could not consider all possible conditions, the conclusialy fisie in ths
particularsetting. Therefore, based on the results, hypothesis Ihotdme
proved.

The conclusion which can be drawn through the results is that with a lower
coefficient of variation as well as a low degree of imbalance (considering less
imbalances which hemeandow or high skill workersyight get relatively close
results to the balanced line results
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6.2 Conclusions

The purpose of this study is tovestigatéhe influence obperational time
variability and different imbalamaternson the outputof the flexible assembly
system, which is called a linear walking worker assemi3pdirial attention is
given toexploring the possibility of improg throughputwithout anyfinancial
investmentonly by arranging workers with different variabititya specified
pattern. The methodsedto examine the research questions and hypothases is
simulation study and for this purpose, an industrial casdassthdgen ashe
model. The research concludes that arranging such workers in a special pattern
would result in significant improvement in the throughput of the line. The
patterns that could improve thestem thenost have a common charaster;all
low skill workers are grouped togetfar.emphasize the importance of the
findings an analysisvas carried outwith a reduction of wdters The
improvement in the throughput due to arranging workarspiecific order could
save the cost of employing four low skill workers or two high skill woHiers.
highlighed further when we consider that shimprovement is possible without
any significant investment; only by arranging workers with different variability in
the specified pattern$hese findings can be highly applicalfien a line is
undergoindabor turnover.

The different patterns of imbaktce influence the output different ways.
Howeverthe main conclusion is thtte variability level caaffectthe magnitude
and validity of the findings of this studifze final conclusigrwhich hasbeen
drawn through the ressilbf a series of new experimenss that the bowl
phenomenon or the superiority of the bowl shape line over the balanced line
could not be shown in the walking worker assembly lines.

This work as mentioned earlieintends tomakea contributionto fill a
research gap in the field of linear walking worker and unbalanced assembly lines
According to the literature, the main sources of imbalante aperation time
means andhe coefficient of variation. In this study, ot coefficient of
variation las been considereshich means that attire study is required to
examinethe effect of operation time means. In additeomther research
opportunity is to develop this study to consider two imbalance sources at the
same time.
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8.1
The

Appendices
Appendix 1

classification scheme for ARB]

Precedence Graph Characterisiics Station aind Line Chargcteristics
Produoct specific precedence graphs: o) e [ mix,malio ] Maovement of workpieces: [} [ oo, unpec |
=iy Mlixed-model production By=cha Paced line; with e [ o gach prob | and ve [ odiv)
o =mult Belulti-miesdel production = [Average )l work conbent restricted by eycle tine
= o Single-mode] production t=each: Each model mast fulfill the cyele time
Structure of the precedence graph: a.e [spec,o | r=prob: Cycle time is obeyed with a given probability
=5 Restriction to g special precedence graph structure u= 0 Single global cycle time
ly= 0 Precedence graph can have any acyelic structare v= div: Local cycle times
Processing times: @8 (1%, By=unpact | Unpaced line: with he [ o sync)
=44 Siochastic processing fimes. h=o: Asynehronaus line
=t Dynariie processing limes (.8, learning eifects) e e e
oy @ Processing times are static and deterministic Lime layout: fiy= {0t}
Sequence-dependent ask lime increments: me (M AL, o F* fym Serial line
o=AL, Cavsed by direct succession of fasks (e.g. tool change) =t U-shaped line; with de [o.n]
=M, | Caused by suceession of tasks (tasks hinder each other) mo: The line forms a single U
ng=o Seguence-dependent time increments are nok considered a=n: Multiple Us forming an n-U line
Parallelization: e [ pline® paat® prask®, pwork®, o %
Assignment restrictions: oge | link,inc.com, fix,excliype,minmax, o} ® :
mgslink Linked tosks have to be assigned o the same siation |33lpli|1¢-°' Farallel lines
o, =ine Incomgatible tasks cannot be combined at a station Br=pstad” Parallel stations
o= Cumwlative restriction of task-station-nssig t Pymptask’ | Paralle] tasks
,=fix Fined tagks can only be assigned o a particular statkon Pr=pwork’ | Parallel working places withia a station
g mey] Tasks may nol be assigned vo o particular station Pa= Neither type of parullclization is considered
o, =1y Tasks have to be assigned to a certain type of station hefo.z3 o |- Maximum level of parallelization; S=unrestricted
g =min Minimum distances between tasks have to be observed | Resource assignment: ;= [oquip.res', =1*
o, =max Maximum distances between tasks have 1o be ohserved fi; =equip | Equipment selection problem
0= Mo assignment restrictions are considered [, =res* Equipment design problem; with ke { o001, max]*
Processing alternatives: o, = [pa*,c ] mlc:éf;w:;;sﬁ;:mmn TescHIrTe, investment costs are
oy=pa’ Prncesaing aliematives; with A& { o, prec subgraph | h=nias: Mest challenging task defines the nesded
k=0 Processing times und costs are altered qualification level of a resource
h=prec: Precedence consiraints are additionally alicred hmo) Diher type of synergy andior dependency
h=subgraph: Subgraphs ane additicnally alvered =0 Processing altermatives are not considensd
= & Processing allemalives are il considersd Station - dependent tine increments: fi,e (A1, o)
(bjectives R=ar,, | Unproductive sctivities at 2 station are comsidered
Objectives: v [m,eE,Co.Pr.S5LY seome, o * fis= o Station-dependem time increments are wd regarded
T=m Minimize the number of stations m Additional configuration aspects: [l e | buffer, feeder.mat.change, = |*
=i Minimize cycle tme ¢ B.=huffer | Buffers have to be allocated and dimensioned
T=E Maximine line efficiency E fe=feeder | Feeder lines are to be balanced simultaneously
r=Co Cost minimization P=mat Material boxes need 1o be positioned and dimensioned
r=Fr Profit maximization fy=change | Machines for position changes of workpicces required
T=85L" Statbon times are 10 be smoothed; with Le [statline ] B=1o Mo additional aspects of line configuration are regarded
hmstat: Within o station (horizontal balancing)
h=line: Betwoen stations {vertical balancing)
RSO Mlinimize or maximize some composibe score
f=0 Only feasible solutions are searched for
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8.2 Appendix 2

Thescreen sheffor two other modedin Tecnomatix Plant Simulation
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8.3 Appendix 3 : the simulation result of section 5.1.2

The simulatiomesults of different CV levels:

1 The results from software ranked in the descending order based on the
average throughput per hour

1 The third column has been added to show the average amount of
iImprovement over thgorstpattern

1. The result for CV (1): 0.05, 0.1, 0.15

Throughput Differe Standard Minimum Maximu Left Right
PerHours nce Deviatio m interval interval
from n bound bound

bottom

Pattern 10 | 35.63773148 0.28 0.010134 35.625  35.65278 35.63048 35.64499
Pattern 8 | 35.63194444  0.27 0.010747 35.61806 35.65278 35.62425 35.63964
Pattern 5 | 35.62013889 0.26 0.010492 35.60185 35.63194 35.61263 35.62765
Pattern 7 | 35.61851852 0.26 0.00662 35.6088 35.63194 35.61378 35.62326
Pattern 11 | 35.61365741  0.25 0.008895 35.59722 35.62731 35.60729 35.62003
Pattern 9 | 35.61157407 0.25 0.009989 35.59722 35.625 35.60442 35.61873
Pattern 6 | 35.61041667 0.25 0.010122 35.59491 35.625 35.60317 35.61766
Pattern 4 | 35.5287037 0.17 0.00818 35.51389 35.54167 35.52285 35.53456
Pattern 3 | 35.39652778  0.03 0.008596 35.38657 35.41435 35.39037 35.40268
Pattern 1 | 35.39351852 0.03 0.016477 35.3588 35.41204 35.38172 35.40531
Pattern 2 | 35.36180556  0.00 0.01086 35.34722 35.38426 35.35403 35.36958

2. The result for CV (2): 0.3, 0.35,0.4

Throughput Difference Standard Minimum Maximum Left Right

PerHours from Deviation interval interval

bottom bound bound
Pattern 8 28.34398 0.07 0.02411 28.31713 28.38194 28.32672 28.36124
Pattern 11 | 28.34120 0.06 0.01181 28.33102 28.36806 28.33275 28.34966
Pattern 10 | 28.33981 0.06 0.01154 28.32407 28.35880 28.33155 28.34808
Pattern 5 28.33657 0.06 0.02959 28.29398 28.37731 28.31539 28.35776
Pattern 6 28.33565 0.06 0.02474 28.28704 28.36806 28.31794 28.35336
Pattern 7 28.33519 0.06 0.02360 28.29861 28.37269 28.31829 28.35208
Pattern 4 28.32662 0.05 0.01717 28.30093 28.35648 28.31433 28.33891
Pattern 9 28.31991 0.04 0.01854 28.30093 28.34954 28.30663 28.33318
Pattern 3 28.29722 0.02 0.01925 28.26389 28.33333 28.28344 28.31100
Pattern 1 28.28958 0.01 0.01522 28.26620 28.32176 28.27869 28.30048
Pattern 2 28.27731 0.00 0.01842 28.25231 28.30324 28.26413 28.29050
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3. The result for CV (3): 0.1, 0.2, 0.3

Throughput Difference Standard Minimum Maximum Left Right

PerHours from Deviation interval interval

bottom bound bound
Pattern 8 32.04768519 0.44 0.027696 32.00231 32.09259 32.02786 32.06751
Pattern 10 | 32.04467593 0.43 0.023226 32 32.07407 32.02805 32.0613
Pattern 5 32.01712963 0.41 0.029386 31.97222 32.0625 31.99609 32.03817
Pattern 9 32.01365741 0.40 0.021727 31.97454 32.03935 31.9981  32.02921
Pattern 6 32.01180556 0.40 0.022745 31.97685 32.04398 31.99552 32.02809
Pattern 11 | 32.00717593 0.40 0.019776 31.9838 32.04861 31.99302 32.02133
Pattern 7 31.99907407 0.39 0.015707 31.97222 32.03009 31.98783 32.01032
Pattern 4 31.8900463 0.28 0.024985 31.8588 31.92593 31.87216 31.90793
Pattern 1 31.65601852 0.05 0.021693 31.62037 31.69907 31.64049 31.67155
Pattern 3 31.64861111 0.04 0.016067 31.61806 31.67593 31.63711 31.66011
Pattern 2 31.61018519 0.00 0.012013 31.58565 31.62269 31.60158 31.61879

4. The result for CV (4): 0.2, 0.3, 0.4

Throughput Difference Standard Minimum Maximum Left Right

PerHours from Deviation interval interval

bottom bound bound

Pattern 8 29.40347222 0.26 0.021133 29.36111 29.43287 29.38834 29.4186
Pattern 10 | 29.39699074 0.25 0.017262 29.36806 29.42593 29.38463 29.40935
Pattern 11 | 29.39027778 0.24 0.029366 29.34722 29.43519 29.36925 29.4113
Pattern 6 29.38425926 0.24 0.036175 29.33102 29.42361 29.35836 29.41016
Pattern 9 29.38055556 0.23 0.01544 29.35648 29.40278 29.3695 29.39161
Pattern 7 29.37800926 0.23 0.026641 29.34491 29.42361 29.35894 29.39708
Pattern 5 29.37615741 0.23 0.028814 29.31944 29.41435 29.35553 29.39679
Pattern 4 29.30439815 0.16 0.015287 29.27315 29.32407 29.29345 29.31534
Pattern 1 29.175 0.03 0.032867 29.11343 29.22685 29.15147 29.19853
Pattern 3 29.175 0.03 0.0215 29.1412 29.19907 29.15961 29.19039
Pattern 2 29.1474537 0.00 0.025382 29.09722 29.17824 29.12928 29.16563
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5. The result for CV (6): Weibull distribution 0.2, 0.3, 0.4

root.Throu Differe Standard Minimum Maximum Left Right

ghputPerH nce Deviation interval interval

ours from bound bound

bottom
Pattern 10 29.4 0.35 0.0247588 29.358796 29.435185 29.382275 29.417725
Pattern 8 29.3914352 0.34 0.0200751 29.356481 29.412037 29.377063 29.405807
Pattern 5 29.3722222 0.32 0.018831 29.326389 29.391204 29.358741 29.385704
Pattern 6 29.3689815 0.32 0.0186531 29.349537 29.409722 29.355627 29.382336
Pattern 11 29.3675926 0.31 0.0343828 29.30787 29.4375 29.342977 29.392208
Pattern 9 29.3671296 0.31 0.0214167 29.337963 29.407407 29.351797 29.382462
Pattern 7 29.3594907 0.31 0.0267748 29.31713 29.407407 29.340322 29.378659
Pattern 4 29.2835648 0.23 0.018071 29.259259 29.310185 29.270627 29.296502
Pattern 1 29.1166667 0.06 0.025526 29.074074 29.155093 29.098392 29.134941
Pattern 3 29.1108796 0.06 0.0193194 29.081019 29.145833 29.097048 29.124711
Pattern 2 29.0539352 0.00 0.0160022 29.030093 29.076389 29.042479 29.065391
6. The result for CV (7): Weibull distribution 0.3, 0.5, 0.99

root.Throu Differe Standard Minimum Maximu Left Right

ghputPerH nce Deviation m interval interval

ours from bound bound

bottom

Pattern 8 20.8377315 0.74 0.0684379 20.6875 20.912037 20.788735 20.886728
Pattern 5 20.830787 0.74 0.0470926 20.787037 20.930556 20.797073 20.864502
Pattern 10 20.8305556 0.74 0.0685366 20.740741 20.958333 20.781489 20.879622
Pattern 7 20.8078704 0.71 0.0441773 20.724537 20.861111 20.776243 20.839498
Pattern 9 20.7979167 0.70 0.1192376 20.581019 21.006944 20.712552 20.883281
Pattern 6 20.7923611 0.70 0.0729079 20.625 20.884259 20.740165 20.844557
Pattern 11 20.7763889 0.68 0.1006476 20.652778 20.93287 20.704333 20.848445
Pattern 4 20.5680556 0.47 0.0612073 20.481481 20.69213 20.524236 20.611875
Pattern 1 20.2553241 0.16 0.0886376 20.171296 20.409722 20.191867 20.318782
Pattern 3 20.1886574 0.09 0.0841315 20.074074 20.305556 20.128426 20.248889
Pattern 2 20.0939815 0.00 0.0823791 19.914352 20.212963 20.035005 20.152958
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7. The result for CV (8): Weibull distribution, 0.2, 0.5, 0.8

root.Throu Differe Standard Minimum Maximum Left Right

ghputPerH nce Deviation interval interval

ours from bound bound

bottom

Pattern 8 22.8923611 0.59 0.0577442 22.789352 22.949074 22.851021 22.933701
Pattern 10 | 22.86875 0.56 0.0552229 22.789352 22.94213 22.829215 22.908285
Pattern 7 22.8625 0.56 0.0535274 22.766204 22.923611 22.824179 22.900821
Pattern 9 22.8615741 0.56 0.0244442 22.833333 22.912037 22.844074 22.879074
Pattern 5 22.8416667 0.54 0.0565034 22.770833 22.918981 22.801215 22.882119
Pattern 11 | 22.8405093 0.53 0.0349265 22.814815 22.921296 22.815505 22.865514
Pattern 6 22.8349537 0.53 0.0637128 22.738426 22.916667 22.78934 22.880567
Pattern 4 22.7046296 0.40 0.0661801 22.62963 22.821759 22.65725 22.752009
Pattern 1 22.4127315 0.11 0.0599974 22.3125 22511574  22.369778 22.455685
Pattern 3 22.3828704 0.08 0.064189 22.256944 22.458333 22.336916 22.428825
Pattern 2 22.3060185 0.00 0.0362704 22.24537 22.344907 22.280052 22.331985
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