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Abstract

Two major problems are encountered in planning and operating a mixed-model
production line: line balancing and sequencing of products into the line. Line Balancing
involves allocation of work elements to workstations on the line in such a way that all
stations have an equal amount of work to perform. This would result in smoother
production and reduced workstation idle time. Once the line balance is done, an adequate
model sequence must be determined. The ideal sequence of products into the line is such
that the idle time resulting from an imperfect balance will not increase. Part of this thesis
- was a review of the previous work done in mixed-model assembly lines. Up to now, it
seems that heuristi¢ methods to solve the line balancing and sequencing for mixed-model
lines are still the best option. Even small problems result in such a grea£ number of
constraints that it is not practical (sometimes even impossible) to solve them through the
use of optimum algorithms. Also, several factors contribute to render the solutions
obtained by optimum algorithms less than the actual optimum. Su(c‘h factors include the
variability in work element times. Heuristic methods for the line balancing of single-
model assembly lines can be extended to mixed-model lines througfl a slight adaptation.
One of these methods, the Largest Set Rule, is extended in this research in order to deal
with the mixed—model line case. Extensions to deal with work element time variability
~are-also  suggested.

A heuristic method for the sequencing problem is proposed. This niethod, »given

the line balancing solution, attempts to have each workstation occupiéd an amount of time



that is the closest possible to the station average time. The method proved to yield very
acceptable results, and because of its simplicity ahd easy implementation’in a computer,
appears to be a good option for solving the sequencing problem. This thesis focused on
assembly (production) lines of the moving conveyor, products ﬁxedmtype. For the
sequence determined through the proposed method, theré will be an optimal line length
(and workstation lengths) such that the line will be free of certain inefficiencies such as
work congestion and work deficiency. The proposed method produces fairly good results
for lines in which the station length is ’not imposed, or if this is not the case, if the
imposed/ ﬁmits are not too different from the optimal station limits.

A comparison study with several other methods (Time Spread and Kilbridge and
Wester methods) revealed that the proposed method performed repeatedly better. The
comparison study also indicated that a bowl allocation of workloads (heavier loads at
stations in either end and lighter in the middle) seems to improve the throughput slightly
in relation to balanc;ed lines. When possible a line composed of open stations (t‘he
operator is free to cross the station boundaries) should be used. This results in shorter
lines and smaller throughput times. Concurrent work (two adjacent operators working on
thé same unit) also tends to reduce throughput time. For open stations the best launching
interval appears o be variable launching rate, and for closed stations fixed launching rate

is best.



-1. Introduction

1.1. Brief Historical Perspective of Assembly Lines.

The process of bringing together two or more component parts in order to form
a new entity is known as assembly. In an assembly process parts are successively added
to an assembly (or sub-assembly) until the finished product is completed. A product
being assembled is often designated -as a job. Every product manufactured that is
composed of more than one component will require assembly operations. The assombly
operation can be completely automated (e.g. packet of matcﬁes), or if the product is
small with few components or if the required quantities of product are very small the
total of assembly operations is likely to be executed at individual workstations. The same
happens for large products such as aircrafts, ;oips, etc., where the product is fixed in a
location and workers will move from product to product performing the work that has
to be done (Dar-El 1986). The most common assembly line is the flow-line where the
product to be assembled moves successively from one workstation to the next down the

line, having work being done in each workstation.

Henry Ford was the principal contributor to the assembly process for large

quantities of products (mass production). The Ford model T automobile was the first

product to be mass produced. Ford realized that if the assembly process, Whi ch had’: R

| traditionally,ﬁéerll performed by individual opemforoj was broken into individual tasks,
distributed over separate operators working at assembly stations spaced along the line,

S



the total assembly time could be reduced and the quality of the product would increase.
By dividing the work among several operators, eac_h'operator would work on acset of
tasks of limited content, rather than having to perform all tasks. After a learning period;
the operator would become specialized in the specific set-of tasks, and better wdrk
quality and an increase in the speed of work would result.

Ford applied certain operating principles to his production lines that resulted in
a great improvement in efficiency of the work and gave birth to flow-line technology.
Placing tools and workers in the sequence of operations so that each part had to travel
the least distance, using a material handling system that took the parts from one
workstation to the next in the sequence, and launching the parts into the line at spaced
intervals resulted in increased production rate, improvement in ‘quality, and reduction in
production cost.

The first assembly line that used these principles was the assembly of a flywheel
magneto, at the Highland Park Plant, in 1913 (Boothroyd et al. 1982). The imprdvements
obtained in the production of the flywheel magneto persuaded Ford to include this type
of assembly process in the production of the Ford Model T automobile. It was not
practical to have the assembly process and the production process together in the samé
line, and a separate line, specially dedicated to the assembly of the automobiles, was
created. These principles of assembly have been carried over until today.

Todayl, as in Ford’s time, the objective in assembly is to achieve high quality and

low production cost. In many industries, there have been attempts to replace human



operators by automatic assembly processes. Human operators are kept for the tasks
which are impractical or uneconomical to automate. However, it is realized that the
automation of assembly processes results in less flexibility in'the production system, due
to the fact t11at the automated equipment is usually"special purpose, very expensive, and
may need relatively long setup times (Dar-El 1986), whereas human operators are more
flexible. A worker can easily change the nature of work he has been doing. After a
period of learning, the operator is prepared to perform the operations efficiently. A
machine does not have the built-in flexibility that allows frequent production changes.

Table 1.1 shows that in 1967 in the United States, the percentage of the total
labor force involved‘ in the assembly process varies from 20% to 60%. Tﬁe assembly
costs are often more than 50% of the total manufacturing costs. Since 1967, many
assembly operations have been automated or partially automated, so these labor
percentages are probably somewhat lower today in most industries.

These numbers reveal that the assembly line is a very important aspect of
manufacturing. In today’s world, where the competition is severe, if competitivehess is
to vbe maintained, it will be necessary to have efficient assembly lines. An efficient
assembly line is likely to result in saVings in the assembly costs, thus allowing these
savings to be used for other purposes.

Durmg the line design process, the designer should try to provide the line with
enough flexibility to cope with possible future changes at a minimal cost. When dealing
with a new product it is very common that changes in product _de'sigp,‘rganpfactur}ing‘

processes, tooling, fixtures, and worl);ﬂmethods may be necessary. If théiline“is not



designed with the appropriate flexibility, the process of changing the line to adapt to new

situations may be very time consuming and costly.

- Table 1.1: Percentage of Production Workers Involved in Assembly

[+)

% of workers

Industry s involved in assembly
=/
Motor Vehicles 45.6
Aircréftl 25.6
Telephone and Telegraph 58.9
Farm Machinery 20.1
Household refrigerators and Freezers 32.0
Typewriters 35;9
Household Cooking Eqﬁipment N 38.1
Mbtorcycles, Bicycles, and parts 26.3

Source: Boothroyd et al. (1982) - data from 1967.

-

Currently it is observed that customer-demanded changes are frequent and that
there is the need for sevéral different products or for varieties of the same product. The
classical flow-line committed to the assembly of a single product (or nearly' identical
products), producing ‘mass quantities of it, has given way to single flow-line that

produces a variety of different products. An example of the great variety of different

. products is found in Monden (1983). In a Toyota Motor Corp. factory there were several . -

~ final assembly lines - the Corona line, the Crown line, etc. Each of ‘the’ée final assembly

lines produced a great number of different (but related) models. For example, at the



Corona line 3,000 to 4,000 kinds of Coronas were assembled. The differentiation
between these models lies in the different combination of engines, transmissions, -
accelerators, number‘of doors, color, tires, etc. It would be totally impractical to have
a single asserﬁbly line producing each different type of Corona model, and therefore the
different models are assembled on the same Corona line.

RN

1.2. Classification of Assembly Lines.

According to the number of different models to be produced on the same line,
assembly lines can be divided into three categories: (1) singlé—model assembly lines, in
which only one type of model is produced, (2) batch-model assembly lines, where two
or more models are produced in batches, and (3) mixed-model assembly lines, where two

or more models are produced simultaneously.

- The single-model line is used when tlle demand for a specific product is high
enougﬁ to justify the dedication of an assembly line to the production of a single product.
The batch-model assembly line is used when two or more mociels are to be produced..
Each model is produced in batches, énd therefore the line is committed to tEle production
of one model at a time. Batch-model agsembly is more flexible than the previous type of
assembly line because a greater variety of products is possible. When a batch of a type
‘o-f ﬁlodel is being produced the line is basically functioning as ~sing1e—model line. The
models produced are kept in finished goods inventory (Prenting and Thomopoulos 1974).

The batch size and sequencing of batches into the line is usually done by criteria suth



as-economical order quantity, minimization of changeover costs, etc. If the batch size is
very small, this type of line approaches the case of the mixed-model line (a mixed-model
line can be viewed as being a batch-model line where the batch size is one). If the batch

~

size is large, the batch-model line approaches the case of a single model-line (Groover

1987).

- 1.3. The Mixed-Model Assembly Line (MMAL).
Our attention in the present study Wﬂl focus on the mixed-model assembly line.
As in the batch-model case, this line is used when two or more models are to be
assembled. However, contrasting with the batch—mod¢1 line, in a mixed-model line
various models are being produced simultaneously. Models can be intermixed in any
arbitrary order without the need for setting up the line, making this kind of assembly
system the most flexible of the three. In this type of line, as in the previous one, the
difference in the models 1% such that it is practical to have one single line dedicated to
their production. Also contrasting with the batch-model line, in a mixed-model line, line
changeovers are not needed, or if they are, they are not an agpect of major concern. A
single-model line is a particular case of the MMAL were there is only one model to be
produced.
' The >mixed-mode1 assembly line isv the most flexible aséembly line of the three
because of its capability to produce in any order any type of model. It is possible to
achieve a cbntinuous flow of each model, ahd the finished good inventories are kept low.

-



This peculiarity enables the use of such kind of syster-ns in a Just-In-Time environmenf,
where the necessary products are produced in the necessary quantities at the necessary
time.

The mixed-model assembly line can be viewed as being a‘ part of a Flexible
Manufacturiﬂg System, because "speed, quality and production rates.similar to rﬁass—
production systems can be achieved together with the possibility of producing a
diversified number of different models, without the need for line changeovers, keeping

low finished goods inventories and producing a continuous flow of products" (Bard et al.

1992).

There are two major problems in mixed-model assembly lines: (1) line balancing,
which is to assign work elements to stations in such a way that the station workloads will
be evenly distributed, and (2) sequencing of products, which is the order that products
are fed onto ;he line. The goals in solving these problems are to achieve a uniform rate
of production for each prodﬁct (having a continuous flow of each model is one of the
main objectives of a mixed-model assembly line) and to smooth (equalize) the workloads

among the stations.

The concept of mixed-model assembly lines (MMAL) arises when in a single flow
Tline several different produets within a family are assembled. This enables the line to
"--yt'aﬁ_»:‘;«,;.ifﬁ-'ﬁ T : *

* meet the diversified demand of the customers, keef)fngL low finished géo&é'mvéntéﬁe'é; i

Small lot sizes and the ability to quickly reconfigure the line are the common norm in



most high-tech industries (Bard et al..1992), and this may be achieved with the MMAL.

Often the assembly line is the final stage of a larger production system. It is
designated avs the top level in a multi-level production system V(Fig. 1.1); each level
requirement will trigger production in th¢ preceding level (Miltenburg and Sinnamon
1989). The scheduling of the assembly line will determine the production schedule at the

preceding levels.

Figure 1.1: Example of a Product Structure.

Level

(1) Final Product 1 2 3
(comes off the assembly line)

(2) Sub-assemblies 1 2 3 e
(3) Components 1 2 3 41 ..
. (4) Raw materials v 1 2 3| e

To control the assembly line is essential if an appropriate functioning of the other

- production levels is to be attained. In a multi—lével’production system, incorrect control

of the assembly line may negatively affect the entire plant (Okamura and Yamashina,

~

10



1979). Se\}eral factors influence “fhe design and operation of an assembly line. As
indicated, the two major problems in mixed-model assembly lines are line balancing and
sequencing of models into the line.

Suppose that it is possible for the workers at each workstation to receive the unit
in which they are going to accomplish assembly Work as soon as they are ready for it.
In such a situation the entire line would be working only the necessary time to
accomplish all operations on all units (the total work content) and the required output
would be completgd in the minimum possible time. However, a worker may not receive
a job immediately when he is ready to work on it, because that job may still be in the
previous workstation. If each workstation had the same operation time for each different
unit it would be possible for the operators to be working continuously (without stop) and
each worker would have the same total work load. In a mixed-model line, because
- different models will most probably ha;; different times at each station, there is the
possibility for workers not to be occupied all the time and for different workloads to exist
at different stations. If this happens, the result will be an unevenness in the interval
between products coming off the line, an increase in the throughput time and the
production output may not be achieved during the shift time. Steps to minimize this are

taken. These are line balancing and, once the balance is done, sequencing. the products.

Line balancing consists of assigning work elements to workstations on the line.

It is desirable to have station workloads distributed evenly. This will enable idle time to

. be minimized and throughput to be maximized.

3
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Sequencing of models involves the determination of the order in which different
models are launched onto the line. When there is only one model, thé order in which
units are launched onto the line is obviously not important. However, if the number of
models is greater than one, launching order becomes important. If the sequence of-
models is not appropriately determined, idle time increases (even if the line balance was
done properly) or units will leave the workstations uncompleted. For ¢xample, the launch
of successive units of a m‘odel with very vhigvh Qoriddad could result in forcing workers
out of their stations to such an extent that they would not be able to catch up and would
_ be constantly out of their stations. In such a situation it is very possible that they would
not be able to complete some of the units, and the line would produce incomplete items.
Obviously this is undesirable.

The usual procedure is to balance the line first and, given the line balancing

solution, the products are sequenced.

Line balancing and sequencing are not only aspects of concern in the design
phase, but also during operation. In cases where the line is already designed and the
product-mix and/or the production output changes it may be necessary to rebalance the

line and to determine again the sequence of products.

Other aspects of the line are determinant at thc; design phase. Such aspects are the
physiCal configuration of the workstations (length; station boundaries -616sed; 6§en ,
hybrid), use of a paced line versus an unpaced line, conveyor speed, space between units,

N
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assignment of models to lines, use of buffer stocks, products removable from the
conveyor”or fixed to the conveyor, etc. Most of these aspects cannot be considered
independently of the others. In the majority of cases an overall design philosophy is
required because the most efficient line is not necessarily the result of the best design of
each componeht part of the line. Each part interacts with others and therefore should be
viewed as being a part of the assembly line as a whole.

The assignment of tasks to stations will influence the minimum time that a given
product is available at each station, because it will influence the station length. This is
usually kﬁown as the Tolerance Time or Statibn Passage Time. It is the time required for
a product to travel through a station (this definition, obviously, is only applied to flow-
lines that move at a constant speed, not intermittently). The station passage time is
directly related to fhe station physical limits. The sequencing of models will also
influence the station limits. Note that for a non-continuous flow-line the job being
assembled v;lill be stationary at the station and therefore the station physical limits are not
so relevant. An example of how the line balance influences the station passage time can
be seen in the case of a balance solution that results in a service time greater than the
assigned station passage time. If incomplete itéms are to be avoided this station passage
time would have to be increased. This is done by either increasing the station length,
decreasing the conveyor speed, or both.

Another problem that arises When designing the Tine is to decide how many
different models will be produced on the line. If the models differ too muc;h from each

other it may not be practical to produce them together in the same line. If models are too



~ dissimilar, ie. the assembly tasks for each model 'a-re‘ very different, then each
workstation on the line will require a great number of different tools and the operators
would need to have a large scope of skills in order to work on all models. Although such
skills can be learned after a learning period, the need for several different tools in each
station may not be desirable. In order to minimize the costs of tooﬁng special attention
should be given to avoiding duplicate tooling at different workstations. Very dissimilar
models may also result in considerable setup times and therefore the efficiency of the line

is reduced.

1.4. Topics Covered in this Research.

This research was essentially directed at “the line balancing problem and
sequencing of manual mixed-model assembly lines, where the units to be assembled ate
transported in a moving conveyor system and cannot be removed from the conveyor. The
mechanical problems of designing thé line are not addressed here.

The complex flow of materiaEs that characterizes an assembly line is assumed to
be ideal, which means that the component parts needed during the assembly process are
delivered at the right time, at the right place and in the right quantities. It is also

assumed that the line operates under ideal conditions, which means that there are no

station bréakdowns (stations are assumed 100% reliable - this maty be true in manual

assembly lines because workers are less ﬁkely'to break down in the reliability sense), no -

e
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defective component parts, no defective sub-assemblies, etc.

Many of the conclusions that are drawn for manual assembly lines can easily be

14
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extended to automated assembly lines.and to fabrieation lines.

1.5. Research Problem.

Part of this research includes a literature survey of what has b‘een done in
balancing and sequeneing for mixed-model assembly lines. Line balancing methods for.
the single-model case are extended to the mixed-model case. An heuristic method for the
sequencing problem is presented and discussed. This heuristic uses the same pﬁnciples
of Toyota’s Goal-Chasing method. In order to evaluate the effectiveness of the method,
a comparison with other sequencing methods is made. A bowl allocation of workloads
to stations was compared with two balanced lines for a given problem and conclusions
were drawn. Different launching rates are compared for the same conditions and

conclusions are developed.

1.6. How the paper is ofganized.

In the next chapter the terminolog); of mixed-model assembly lines is introduced.
In Chapter 3, line inefficiencies are described. Chapter 4 presents a method for assigning
models to the same assembly line. Chapter 5 is dedicated to the line balancing problem.
In Chapter 6 the sequencing problem and a method to solve it are presented. A review
of previous work in line balancing and sequencing of mixed-model is presented in
v--nGhapter 7. A comparative analysis of different methods for sequencing‘n.z}fld evaluating
an unbalariced line are presented in Chapte'r«8,, and finally in—-Chapter 9 the CO‘..‘&:‘,}‘.,,S:‘QE&

and possibilities for further research are presented.
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2. Tefminology of Mixed-Model Assembly Lines

Different configurations of assembly lines can be found. This regards the physical
configuration of the line as well as the operating conditions (e.g. the use a fixed

launching rate, 'etc.).

2.1. Product Models.

Consider a situation where m models are available and where j (j = 1, 2,..., m)
is ysed to identify each model. Let T be the shift time (minutes during shift to be
scheduled), Q the quantity of model j to be produced and Q the total number of units to |

~

be produced during period T. Hence, the output Q is given by

0-Y0 @.1)
j=1

2.2. Workstations.

Workstations are locations where a given amount of work is performed. The flow
line consists of a series of workstations. In a manual assembly line, a workstation
conéists of workers and may be equipped with tools. The majority of previous work in
mixed-model assembly lines (Kilbridge and Wester 1961, Prenting and Thomopoulos
1967, Okamura and Yamashina 1979, etc.) assumes that each workstation is manned by
; single operator. In this research the same is assumed.

o Thi -humﬁe{(:‘ffs'tafidﬁsi 6@ the Tiné is represented by n and subscript i (i = 1,
2,..., n) is used to icientify each workstation.
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Workstations can be classified as open or closed. Tﬁe definition has to do with
the type of station boundaries. This definition only has significance in flow lines where
there is a continuously moving conveyor and the workers are required to walk back and
forth working on the units as they move past. It is usual to symbqlize the station
boundaries with the symbols (, ), [, 1, denoting, respectively, Station open to the left,
open to the right, closed to the left, and closed to the right.

The number of workers w; at each wprkstation is assumed to be one. Therefore,
w; = 1. Station i is said to be the operator’s i home station. The total number of workers

in the assembly line is given by w, where

w = w. : 2.2)

-
n
—

2.2.1. Cl(;sed Stations.

In this type of workstation, it is impossible or undesirable for workers to cross
the  station boundaries. Examples of such stations are locations where the work cannot
be accomplished outside the station limits such as spray paint booths, heating chambers,
etc. On this type of statioﬁ, the amount of time required to complete the assembly work
must be respected; otherwise the product will leave the station incomplete. These stations

are symbolized by [il, i being the station number.

2.2.2. Open Stations.
In this type of workstation the workers are free to cross the station boundaries. .

Usually the distance that the worker can walk from his station boundaries is limited due

17.



to reasons such asr limited range of powefed tools (Dar-El 1978), etc. The extent of the
distance that a worker can walk away from his home station may be restricted or
unrestricted. Unrestricted means that the worker is able to move without limits to another
location. If adjacent wOrksfations have a region that is common to both, the stations are
said to overlap.

Sometimes the workload in a station is so heavy that the worker is forced to cross
the downstream station boundary in order to accomplish his work on the product; at other
times the workload is so light that the worker walks across the upstream station boundary
in order to start work on the next product that has not yet entered the station boundaries.
This is not possible with closed stations so the worker will be unable to finish the work
on the unit or will be idle waiting for the next unit to arrive. Open stations also result

)

in shorter line lengths than closed stations and, therefore, production cost is likely to be
less.

The extent to which operators may cross their station boundaries is conditioned
by the requirement that adjacent operators will not interfere with each other’s work.

Open stations are represented by (i).

2.‘2.3. Hybrid Stations.

It is possible for assembly line stations to be combinations of the two previous
types. For example, a station may be closed to the left and open to the right. Tﬁis means
~ that the worker is able to cross the downstream boundary of the station, but not the

upstream boundary. An obvious example of such station is the first station in an assembly
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line, where upstream to this station there is nothing and therefore, the station is closed
to the left. Obviously an open station is open to the left and to the right, and a closed

station is closed to the left and to the right.

2.3. The Transfer System.

The product being assembled may be transferred between stations in the assembly
line by a conveyor. The most common is to have a conveyor moving at constant. speed.
The conveyor speed is designated by V, (m/min). This is said to be a continuous flow-
line. Another type of transfer system is the synchronous conveyor, where every product
remains at each station and then abruptly moves to the next, all parts moving at the same
time. In this type of line the operators work under paced conditions. However, ‘the use
of asynchronous conveyance systems (a pfoduct only moves to the next station d;)wn the
_ line when the operator has completed the work) is increasing in certain industries (such
as computer manufacturing, eftc.), because they provide more ﬂexiblé production
systems. It is possible to have a non-mechanical line wheré jobs are transferred manually
between stations by the operators. Non-mechanical and asynchronous lines are unpaced
lines and are usually provided with buffer stocks between stations.

Dar-El (1978) classifies the products to be executed on the assembly line as
Products Fixed and Products Movable. This definition is based on whether or not the
product can be movéd independént of the conveyor movement. When it is possible to
remove the product from the conveyor or the prodilct is stationai'y in relation to the

moving conveyor the product is designated as Product Movable. If this is not possible
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the product is designated as ,Pmduct Fixed. An example of such lines is found in
industries where the product is too heavy or too large to be remqved from the conveyor
(e.g. the automobile industry). In a Product leed assembly line, the job to be assembled
cannot be removed from its position in the conveyor; however it may be possible to
rotate it.

'Typically Produc; Fixed lines do not have buffer stocks that allow'pré)du(:ts to
accumulate between stations with the consequence that operators Workru‘ndgr pac.ed.(
cbnditions. Product Movable are asynchronous systéms where buffers’are a_llowé':d‘ and
work is done under conditions that are not so rigidly paced.

In the asTsembly of largé products, such as aircraft, ships, machine. tools, etc.,.the
product remains stationary at a given location and the "stations" move from pfoduct to _
product, i.e.‘ ;)s/hen workers at a given station finish their work, they move to ‘a'nother
product and< are replaced by the workers from the previous station (this type of system
is not considered to be a flow-line). Typically the Product Fixed assembly lines are
dedicated to the production of heavy products (e.g., automobiles, heavy appliances), and

the Product Movable assembly lines to lighter products that can easily be removed from

the conveyor (e.g., small appliances, electronic assemblies).

2.4. The Laimching System.

With respect to the launching period, there are two possible modes of introducing

units into theéssembly fine: Fixed Launching Rate (FLR) and Variable Taunching Rate. . ..

(VLR). In Fixed Launching Rate, units are introduced into the line separated by a
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constant time interval. With Variable Launching Rate, the time interval separating two
consecutive launches is equal to the first station time of the last unit launched. The fixed
launching interval is given by . The flxéd launching interval is achieved by maintaining
a fixed distance in the conveyor between two consecutive units, given by S,. The time
interval + is also known as the Production Cycle Time and it is the time between
successive units coming off the line. It can be seen that if the production requirement is
to be achieved v has to be greater or at least equal to the theoretical production rate. If
not, there will be a shortage in production.

For a FLR system if the line works .uﬁder unpaced conditions the rate at which
the products come off the line will be different from the FLR'. In this situation the feed
of products to stations may become constant only for the first station on the line, and the
line will be actually working as if the launching system used was the VLR.

Let vy = fixed launch rate interval (minutes/part); S, = fixed interval between

successive jobs (meters/part). Then

Sp = V_y (mfmin)(min/part) 2.3)

2.5. Inventory Buffer Storage.

These are commonly used on manual assembly lines because they allow the

'Under paced work conditions, the units are fed into the line at a rate:equal to the FLR..
Each workstation has available an amount of time to work on the units equal to the FLR; the
time interval between parts coming off the line is equal to the FLR. If the line is working urider
unpaced conditions, some workstations may be working on a product an amount of time different
than the FLR and, consequently, the time interval between parts coming off the line will be
different from the FLR. 4 L\
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smoothing of work flow (Groover 1987) and reduction of the effects of task time
yariabi]jty (Monden 1983).
| The launching discipline becomes irrelgvant when buffer storage is allowed. For
systems with buffer stocks between adjacent workstations the workers are not confined
to paced work conditions. In a station provided with buffer storage, if a job arrives
before the worker has completed the work on the previoﬁs unit, the arriving unit will be
held in the buffer until the operator is free to start work on it. This enables the worker
to complete the work on all units. Considerations such as the optimal capacity of a buffer
are out of the scope of this research and will not be assessed.

Unpaced lines are likely to eliminate the production of incomplete items but may

result in an increase in the throughput time and a corresponding reduction in production

rate.

2.6. Minimum Rational Work Element.

Minimum rational work elements are the smallest economic subdivisions of the
work required to assemble a product. Below this minimum, assembly work cannot be
divided rationally. For example (Kilbridge and Wester 1961), a minimum rational
element may include the following motion pattern: reach for a tool, grasp it, move it into
position, perform a single task, return the tool. This work element is considered
indivisible because it cannot be split over two work stations without creating unnecessary

work in the form of extra handling. : B

Let Tejk = work element time for element k on model j (minutes); k = subscript

for work element k, k = 1, 2,..., K; K; = number of work elements required to
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assemble one unit of model j.

The sum of all required task times to accomplish one finished unit of model j is

‘known as the total work content time for model j and is represented by Twc,- The total

assembly time needed to complete all units of model j is given by
TTwcj = Qijcj ) (2-4)
The total assembly time needed to accomplish all operations on all Q units is .
known as the total work content time and is given by
TTWC = total work content = sum of total assembly time required during period

T

T, =Y QT, 2.5)

1T, = Y. QT -~ @6

2.7. Precedence Constraints.

Also known as "technological sequencing requirements" (Groover 19'87),
precedence constraints are the reason why work elements must comply to a certain
sequencing order. An illustration of a precedence relation is in the assembly of a small
electric appliance; a switch must be mount.ed;onto the motor bracket béfore the covef of
the appliance can be attached (Groover 1987). Because work elements are subjected to
" precedence constraints the sequence in which the assembly work can be accomplished is

restricted.
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Work elements may be subjected to other types of constraints. Zoning constraints
means that a task may have to be placed near other tasks, preferably at the same
workstation - positive zoning; or that the task may have to be distanced - negative zoning
- this case happens when tzisks may interfere with one ‘another. Sometimes it.-may be
require(; that some tasks from one model be performed at the éame station as certain
tasks from other models. These constraints are known as locational constraints and aﬁse
usually when some work elements require specialized skills or equipment (Villa 1981).

Another type of constraint is related to the position of workstations and is called
a position éonstraint. This type of constraint is found in the assembly of large products
(e.g., automobiles) where the product dimensions are such that one operator cannot

perform work on all sides. In situations like this one, operators are located on the two

sides of the assembly line (Groover 1987).

2.8. The Precedence Diagram.

The precedence diagram is a graphical representation of the precedence constraints
among work elements. It is composed of nodes which symbélize the work elements and
arrows which indicate the order in which elements must be performed. The sequence in
Which work elements are performed progresses from left to right; the elements at the left
of the diagram must be done first (Groover 1987). Usually work element times are
shown above each node. An example of a precedence diagfam for a single—model

assembly line is ﬂiusiféiféd in Figure 2.1.



Figure 2.1: Example of a Precedence Diagram for a Single-Model Assembly Line. |

Legend:

—_— precedence relation
x time required to complete work element k

@ work element k

In a mixed-model assembly line the precedence diagram includes the precedence
relations for each model. Above each node there are indicated the total times required
to perform that element on all units (i.e., TT,). An example of a mixed-model

precedence diagram is shown in Figure 5.3.

2.9. Station Service Time.
TSU is defined as the service time for model j at station i, which means Tsij

is the time to assemble model j at station i. Hence-

T, = 2T, - @7

where Tejk are the work elements assigned to station i for model j.
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2.10. Station Time.

The total time per shift required at station i to assemble the Q réquired units will
be designated station time and is given by
m
TT, = E E QjTejk 2.8
kei j=1
It can be seen that the total work content time must be equal to the sum of the

station times, i.e.,

IT, =) TT,; = EJZQJ.T% 2.9)

2.11. Repositioning Time, Operator Walking Speed and Operator Upstream

Walking Distance. |

When the operator has finished the work on a unit, he has to walk in the upstream
direction until he reaches the next unit and starts working. Let V, be the operator
walking‘ speed when operator is walking upstream. Once the operator is moving parallel
to the conveyor, accqmplishing assembly work on the unit, the speed of the operator

walking downstream is the speed of the conveyor.

In a continuous flow line when an operator completes work on a given job and
walks upstream to the next job, the time interval between the moment he left the current

job until the moment be reaches the next job is the repositioning time T,.

T, = —2_° ’ 2.10)



The operator upstream walking distancé L, is given by

B VOSP ) V.V y
YT VY, VAV,

(2.11)

Because the speed of the operator walking upstream is greater than the speed of
- the conveyor it is usually considered that the time required for an operator to walk
between two consecutive units can be neglected (Dar-El and Cother 1975, Kao 1981),

i.e. the repositioning time is neglected.

2.12. Station Dimensions.
Let L; represent the length of station i. L(u), and L(d); are respectively the
maximum distance that an operator can move past the upstream and downstream station

limits (the lengths are in meters and V, in m/min).

2.13. Tolerance time or Station Passage Time.

As defined in the previous chapter the station passage time is the time an operator
has available to work on a job from the moment that job reaches his station limits until
the moment it passes the downstream boundary. In this thesis the notation given by
Kilbridge and Wester (1963) for the station passage time will be used which is ;. The
station passagé time is a function of the station length and the conveyor speed. Hence,

.12

‘Ci=

AR

Kilbridge and Wester (1963) showed that for a continuous flow-line with-non-_ -

overlapping stations the station passage time must be equal to or greater than the

\
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maximum service time for that station, i.e. T; > max (TSU), forj=1,.., mandi =
1,..., n®. However, if operator idle time is to be avoided then
T, = max (Tsu> 2.13)

The upstream and downstream allowance times respectively 7(u); and 7(d); are a

—

function of the upstream and downstream allowance distances L(u); and L(d); and of the

conveyor speed. Hence

L),
= ! 2.14
T (w), v (2.14)
L(d),
. = : 2.1
T(@); ” 2.15)

c

In Product Fixed assembly lines where the launching interval and the station
lengths are fixed, the station passage time can be altered by an appropriate choice of
conveyor speed and spacing between units. The effect of task time variability may be
reduced by the appropriate choice of item spacing and conveyor speed.

2.14. Early Start and Late Start Schedule.

Early and late start schedule are defined ‘inArelatio_n to the position where the
operator in each station receives the first job in the sequence. An early start means that
an operator at a given station starts to work on the first job of the sequence as soon as

it enters his station limits. The operator is positioned next to the upstream limit. Late

*For a closed station system, with no buffer storage allowed, L(u);=0 and L(d),=0, and
thefefore, 7, is the time separating the start of work on a given unit by consecutive stations i and
i+1.
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start means the opérator does not start work on the first job immediately when that job

enters his station limits.

| 2.15. Concurrent Work and Station Ovérlap.

When two operators at adjacent workstations are allowed to work simultaneously
in the same unit, it is said that they are working concurrently. Operators should not
interfere with each other while working concurrently.

It is said that two stations overlap when the operators of each station are auowed
to work in an area that is common to both stations. Overlapping between stations i and
i+1 is given by the maximum downstream position for station i, minus the maximum
upstredm position for station i+1. The case is illustrated in Figure 2.2, where O,;,,

represents the overlapping between stations i and i+1, i.e. the region common to both.

“ Figure 2.2: Example of Station Overlap.

Direction of the movement
»
ol —_—1
geeemmemaecacan i pemmeeeengones i Launching
—=2 — 2 . order
S S L ! !
.............. T |
2
groyeeeed gy
Stationi I | 0 : | - )
—b %——/ ............... 3 = Upstream walking distance
. tation i+1 S -
Station i operator
displacement Station i+1 operator displacement . .
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2.16. Minimum Part Set.

The total number of units (Q) to be assembled in the planned schedule is the sum
of the number of units of each individual model to be assembled (Q). Thé total
production requirement Q, or equivalently the total part set can be represented by a
vector of integers Q=(Q,, Q,, ..., Q,). If q is the commbn divisor of the number of
units of each modei then the vector of integers MPS = (Q,/q, Q,/q, ..., Q./q) is the
smallest partition of the total part éet having the same proportion as the production target
Q. MPS stands for Minimum Part Set, and can be viewed equivalently as

MPS = E = ‘ ' (2.16)
j=1 4

2.17. Lines with Several Labor Groups.
When the assembly line includes several disjointed but related areas or labor
groups®, each area is considered independently of the others. The minimum number of

stations required per labor group g (g = 1, 2,..., G) is given by

_ . . weg
n, —mm intg > T 2.17)

where n, is the number of stations for labor group g, TT,,, is the amount of time

required to complete all operations in all units for a given production schedule, i.e. the

total work content of labor group g. The total number of stations in the assembly line is

&

3E.g., an automobile assembly plant is often divided into several separated areas that are
related to each other. Examples of such areas are the Body Assembly, Paint Shop and Final
Assembly. These areas are related in the sense that an automobile being assembled progresses

" sequentially through them. ‘
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(2.18)
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o
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—

2. 18. Task Time Variability.

When the assembly work is performed by human operators it is inevitablq that
there will be some variability in -task times. Task times are usually considered
detehninistic but they are in fact stochastic. In automated assembly processes it is

possible to achieve virtually deterministic assembly times.

2.19. The Multi-Function Worker.

The multi-function worker is one who is capable of performing a large scope of
different tasks. Traditionally workers are limited to a certain number of tasks, which they
master. The cross-trmﬁng of operators enables transfer to other workstations where they
may be more useful. This is particularly beneficial in workstations where operators are
overloaded with work and cannot ﬁrﬁsh it; if aﬁother workstation is under-occupied, the
operators at this station may be able to travel to the overloaded station and help the
overloaded operators. |

The utility worker is a multi-function worker in the sense that he is able to
perform a lagge variety of tasks. This type of worker "'ﬂoats" (he is not assigned to a

particular workstation) in the assembly line and works on the stations that have fallen

behind; i-e. on-the stations that due to a overload-of work are not able to complete the .

work. Cross-training of operators helps to avoid boredom and increase job motivation.

31
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3. Assembly Line Inefficiencies

Four types of inefficiencies can be defined in mixed-model assembly lines
(Thomopoulos, 1974; Macaskill, 1973). Some of these inefficiencies only make sense in

a moving conveyor line.

3.1. Idie Time.
Idle time can occur when the operator is kept idle waiting for work to enter the
limits where he is allowed to work. The operator is available to work, but is restrained

from working. '

3.2. Work Congestion.

Congestion occurs when the assembly work is done beyond the station
downstream hinit, in the downstream allowance region. When jobs flow through a station
faster than the operator can complete them, the operator is forced to pass his downstream
station .boundary in order to complete the work. This type of inefficiency only happens
in stations with an open boundary to the right. If the station is closed to the right, then

the unit leaves the station incomplete.

1

-~ 3.3. Work Deficiency

——Work.deficiency_occurs when the assembly work is;done before the- upstream

limit, in the upstream allowance region. When jobs flow so slowly that the operator is
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able to complete the work on the current job before the next one has entered his station
limits, and if the worker wants to avoid bécoming idle, he has to cross his upstream
station boundary and start work on the next unit. This type of inefficiency only occurs

on stations with an open boundary to the left.

3.4. Utility Work.

This occurs when the worker is not able to complete the work within his working
limits, and the job leaves the downstream limit of the working area unfinished. In these
situations a utility worker can be assigned to the station to assist the operator so that the

unit can bé finished or the unfinished work will be completed in a station further down

the line.

‘3.5. Comments.

The account of these inefficiencies is a measure of the assembly ﬁne inefficiency.
Some other measures are sometimes used, such as the Home Time defined by Sumichrast
et a}/ (1992) as the percentage of time that workers are at their home station (working
and idle). The overéll assembly line length is sometimes a measure of the assembly line
inefficiency because the greater the line length the greater is likely to be the production
cost.

Work deficiency, work congestion, home time, and utility work make sense only

in continuous flow-lines.
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Minimum throughput time is equivalent to maximum throughput (production rate),

and therefore, measures that seek to minimize throughput time should be taken.

L

It is highly undesirable to produce incomplete items at any station. An incomplete
job in a station may preclude that job being worked in thé following stations. These
stations will become idle and a sharp decrease in throughput may occur, with the inherent
risk of not achieving the required output!

Work congestion and work deficiency are not critical inefficiencies because they
only affect production times, not idle time.

Utility work is not desirable because it means at least one ex-tra worker, which
will increase production cost. If it is possible to complete the unfinished jobs in a station
further down the line, the passage of incomplete jobs to the following stations may not
affect the work on those jobs. Nevertheless, a utility station is an extra station on the line
and an increase in the production cost.

In general, zero work congestion is a sufficient condition to avoid incomplete
items. To avoid incomplete items could be achieved by a situation of zero utility work.
Utility work is directly related to the station downstream allowance limit and this limit
may be very difficult to determine, whereas the station length may be more easily
determined. Therefore, to design a system that results in zero utility work is quite

complicated. To design a system with no work congestion will be easier, and this is the

- reasbn‘"whyit' seems more-approp'riate*-to"-minjmiz’e»work congestion, In extreme cases

of work congestion the 6peiaf6r may ot be able to catéh up with the arriving items and

the line may need to be stopped. Avoiding work congestion will preclude this situation
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from happening.

The two major pﬂoﬁties seem to be minimization of throughput time and
avoidance of work congestiqn. The methodology presented in Chapter 6 for determining
the statiqn lengths will avoid work congestion and, therefore, the priority will be to
minimize throughput time and idle time. It will also be shown that a certain amount of
idle time may be useful to lessen the effect of task time variability and it probably helps
worker morale.

The type of inefficiency that should be minimized is dependent on the
conﬁguration of the line and on other aspects that may not be very easy to identify. Each
particular situation will require a different objective and, consequently, what is a priority
for a certain system may not be a priority for another type of system. For example, in

an asynchronous system, the terms work congestion or work deficiency do not apply.
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4. Assigning Models to the Assembly Line

In order to produce on the same line two or more models, the nature of work to
be performed on the different models must have at least some similarities. Otherwise it
would not make sense to use the same line for the different models because it would
result in unreasonably large station work load. The problem of allocating models to lines
was first studied by Lehman (1969 - on Buxey et al. 1973) who developed a heuristic to
assign groups of models for lines based on minimizing the costs associated with balance
delay, idle time due to the sequence used and operator learning.

Another possible methodology to as-sign models to a line is to allocate to the
same line the models that have the greatest similarity from an assembly point of view.

Thomopoulos developed a measure, called Similarity Index, that evaluates the
similarity of work element tasks between two or more models (Prenting and
Thomopoulos 1974). This measure can }bé used féﬁaﬂo\cating models to the same line.
For example, if it is desired that each assembly_line produces simultaneously two or
more different models, the models assi’gnedvto each line will be such as the similarity
index is maximized for a given corr;;t)iﬁation. A.simillarity index of zero means that the

models have absolutely no similarities, whereas an index of one means that the models

are identical. The common situation is to allow for element times to vary among elements

~and'models; i:e. "'sc)'meiasks>'-may‘have*different times for different models, including zero ..

time, which means that the task is-not performed in that model. -
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To explain the Similarity Index, consider m different models that are to be
assembled. If 5, s,, ..., s, represents any combination of m models, then these m models
can be grouped into a ‘set (s,, s,, ...,sc).' For2 < ¢ < m a set is called a model set and
is designated by s*.‘ The number of models in a model set is designated by m..

Let t.. be the sum of the times for task k over a model set s°, i.e.,
tey =2 T, @.1)

Assuming that all models in model set s* have the maximum time defined for
element k (k = 1, 2,..., K), let T,., be the sum of the times for task k over model set

s*, defined by
T., = m,. max [Tejk (G € sM] 4.2)

fork =1, 2, ..., K, where K is the maximum number of tasks for set §”.
A measure of the utilization for element k over all models in s* is given by u,

where

., = Sk ° 4.3)

defined only when T, # 0.
In order to have the utilization index taking values from zero to unity, ug, is

* transformed mto s,y Hence, .
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us.k'-— .
m .
S0 = @.4)
1
ms.
and 05y =1 (k=1,2,.,K) @.5)

The variable s, is called the similarity index for task k in set s*. When s, = 1,
all the task times for task k in set s* are the same and therefore, the association is
maximized. For s, = O only one model in set s* requires task k, and the association is
} minimum.

. Defining U, as the similarity index for all tasks in set s° (accounts with the

weighted average of all ug,), then

Nl
V]H
:

k=1 Py
U. = - 4.6)
> T
k=1
Similarly, the weighted average of all s, is given by
US‘ - 1
¢ - m . @7
J Co 1

where 0 < S, < 1. S,. is the similarity index for all elements in set s™.
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When S,. = 1, all task times in set s" are identical, and the maximum association
of models prevails'. If S.. = 0, each task is performediin only one model of the set, and
therefore, the minimun} association is foundz.k

Ina mixed-modsl assembly line. SS* will take a value that is typically greafer than
zero. In order to assign models to diffe;ent lines all the possible sets should be
considered, and the assignments will be such as the similarity index S,. is maximized.
For more than one assembly line, Thomopoulos suggests that the assignment should be
the one that results in the highest average similarity index.

The similarity among units produced on the line can also be measured. To this
purpose, in order to account for the possible' different quantities required for each model,

a modification of the S.. is needed. For more details on the similarity index refer to

Prenting and Thomopoulos 1974.

This similarity index among units produced may be used in batch-model lines. A
criterion to sequence lsatches down the line, may be to determine the sequence that
maximizes the sum of similarity indices (Prentice and Thomopoulos. 1974).

Other similarity indices can be generated using the following considerations; for
example, an index based on component parts used in the different models. It may be

useful to assign to the line the models that have the highest association among component

a particular task is the same for all models. In this. case the models are analogous. -
% .

’In such case the models in set s are totally dissimilar and if possible should not be
produced on the same assembly line..
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parts. This to help keep the quantity of each part used by the zissembly line closest to
constant. This also would reduce the sources required for these parts. The index may be
obtained by using the parts associated with each model instead of work elements.

The similarity index is not the only criteria for assigning models to lines. Other
factors may enter the decision, and they usually do; for example, it may be impractical
for a certain company, to create an assembly line dedicated exclusively to a certain
product and therefore this product will be produced in the existing assembly line together

with other products.
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- of tasks can result in different amounts of assembly line nonproductive time and even -

5. Line Balancing

-

In order to produce a finished product a set of assembly tasks have to be

performed. The total amount of work needed to perform the assembly of a final product

is divided into individual tasks and assigned to successive stations along the line. It is
both fair and efficient to apportion equal amounts of assembly work to the workstations. ’
The process of assigning as evenly as possible the assembly work among the workstations
is known as Line Balancing. For each product there is a certain number of tasks required
to complete a finished item. These tasks can be grouped in many ways and still rationally
produce the finished item. Grouping the tasks is a combinatorial problem. For a product
with K work elements there are K! possible sequences of elements. However, not all
sequences are feasible ones. The sequenceJof processing steps may be restricted. Work
elements are subjected to precedence constraints which means that some tasks cannot be
performed before others. Other types of constraints (mentioned in section 2.6) may alsQ
be present in the line balancing solution.

It is desirable to have a smooth production, i.e. to have parts coming off the line
evenly spaced. This is possible if the Worksfation processing thnés are approximately

equal.

Line balancing is an attempt to group the assembly tasks so the total time required

4 [N

at each workstation is as close to the same as possible. Different acceptable groupings

TN B A - ol B TS VL

¥

_ alter the number of workstations required for a desired production output. Kilbridge and

&
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Wester (1961) estimated that "industry can waste four to ten percent of operator time on
assembly lines through unequal work assignments”. If the station times are equal a
perfect balance is achieved. If this does ﬁot happen, and this is the common situation,
the slowest station will set the overall production rate of the line. Whereas line balancing
is relatively easy to achieve in a single-model assembly line, the problem becomes
complicated in mixed-model assembly lines because t.here are several models, each model

requiring different times at different workstations.

The line balancing problem for single-model lines is defined as:

to assign work elements to stations in such a manner that all precedence
constraints are respected and the minimization of the total amount of idle time or
equivalently the minimization of the number of workstations is achieved. The
process time for each station must not exceed the cycle time.

The problem of line balancing was first studied by Bryton (Moodie and Young
1965) in 1954,»for single-model assembly lines. Salveson is usﬁfally credited as being the
first who formulated line balancing as a linear programming problem. Since that time
several solutions have been presented in the literature.

Thomopoulos (Prenting and Thomopoulos 1974) appears to be the first to have
explicitly studied the problem of line balancing for mixed-model assembly lines. He
presented a method of assigning tasks to stations that assures that similar tasks are
assigned to the same workstation or the same group of workstations. The methodology
s the same asxt_h‘e 6ne uséd“fdr sing‘le—model line balancing problems, but instea(;of using

cycle time to limit the workstation time, it uses the total time desired to assemble the -
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required number of products. Also, together with the production requirements a mixed-
model precedence diagram is used. Above each node is written the total time per
schedule to perform that element (i.e. the time to perform that element on all units that
requiré it). -

This methodology is sometimes called aggregatéd task-group balancing, or simply
task-group balancing: The repetition of a given task will be assigned to the same station.
This has the result that each task is assigned to only one station and, consequently, no
other operétor(s) need to have the skills necessary to perform that work element.
Therefore the time and cost of learning is reduced and the general efficiency of work is
improved (Prenting and Thomopoulos 1974)!. Because différent work elements require
different tools, different skills, etc., it should be provided that similar work elements are
performéd in thc; same station or group of stations.

When the products to be assembled on the line are of a sﬁnilar nature, i.e. when
the work on each product involves similar elements perfofmed in a similar order,
independent line balance? produces fairly satisfactory results. In these circumstances the
workers would have to perform the same type of work operations independently of the

4

type of model that is being produced. If the models to be produced are dissimilar,

'This opinion is 'currently contradicted. Although it may be desirable to assign similar work

elements to the same group of stations because of the use of similar tools, configuration of
workstations, etc., it is thought that workers should be trained to accomplish a variety of tasks.
" This is the concept of the multi-function worker. Further development is given in page 26.

Independent balance means to balance the line for each product considering that the line

produces only that one type of product (i.e., the line is functioning as a single-model line).
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independent line balance is likely to result in dissimilar work elements being allocated

to each station (Wild 1972).

5.1. Mathematical Formulation of the Line Balancing Problem for Mixed-
Model Assembly Lines.
In mixed-model assembly lines the shift time T is a basis of reference, the same

way as the cycle time is a basis for reference in single-model assembly lines.

For the scheduled time period to assemble the desired output we have: Tejk = is
the time to perform task k on model j; n = number of workstations on the line; i =
subscript for the workstations; TT,; = total time per station during the scheduled period

T; and TT, = total time per shift required to perform task k on all units. Tejk depends

on the job complexity, tools available, fixtures, operator skill, etc.

T,; = cycle time for model j. It is the time between successive units coming off
the line. The cycle time for model j is the maximum station timel for model j. Note that
this definition, valid for single-model assembly lines, does not make much sense in
mixed-model lines where the time between successive units of model j may not be equal

N

to T

cj*
The theoretical cycle time, defined as the maximum time that a unit should spend

at a work station, can be written as
E o
T, < — | g (5.1)
R, :

were T, is the theoretical cycle time, E is the line efficiency of the assembly line (in this
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text 100% efficiency will be assumed, i.e. there are no downtimes, etc.), and R, is the
required production rate (R, is the number of units of all models to be produced over the
time available to produce them). E = 100% is a fairly acceptable simplification fof the
case of manual assembly lines - where mechanical malfunctions are less likely than in
.automated lines.

For a production requirement of Q units per shift T, assuming no system
breakdowns (i.e., E = 100%), the theoretical rate of production R, = R, is given by%

or equivalently the theoretical cycle time is given by

T, = (5.2)

T
Q
Let Twcj be the total work content for model j, i.e. the assembly time required

to produce one unit of model j. Hence,

K n

. _ (5.3)
TWCj ; Tejk i=1 ]-;ij

where TSU is the station service time for model j at station . The total time required to

produce all units of model j is designated by TT,, , where

we, ¥
i)

. TT, =QT, (5.4)

The total assembly time required to perform all units in the scheduled period is

known as the total work content (TT,,), and is defined as:

3The line balancing solution will determine these times.
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_ mn j B m 5.
1T, = ZE QrT,, = Z IT,, (3.5

TT,, represents the total amount of work that is to be accomplished on the line
during the scheduled period T.
The total time required to perform element k in all units is

m

TT, = Y. QT (5.6)

=i

The theoretical minimum number of workstations n” is given by,

m Kj
Qr,
n* = min integer > ;1 ; T 11, &7
T T

If n is the known number of stations, the total service time per station TT will

be
TT, <T (5.8)
In a situation of perfect ba{ance all TT, are equal. If all TT; = T, then we have |
100% efficient use of the scheduled period T. (,

The total time required to perform all tasks in all models is equal to the sum of

the station times. Hence,

i=1

~

L}
-
Eand

n
—

YIT, =3 ) QjT% = TT,, (5.9

The line 2ba1an(;ingvprobleim for;m_‘ixed—_model assembly lines can now be stated as:

to assign work elements to workstations in such a manner that all
constraints (precedence and others) are respected and the minimization of
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the total amount of idle time or equivalently the minimization of the
number of workstations is achieved. The total assembly time per
workstation must not exceed the shift time, otherwise the required output
cannot be achieved. Therefore the objective is to

minimize Y, (T-TT,) , (5.10)
i=1
where T = TT,, i =1, 2,..., n.
Minimizing Eq. 5.10 is equivalent to minimizing the number of stations or the
shift time or the product of the two, depending on what is held constant. Note that
n n
Y (T-TT,) = nT-Y TT, = nT-constant (5.11)
i=1 i=1
then,
min (nT) - constant

T[min (n)] - constant (5.12)
n[min (T)] - constant

min (nT - constant)

nofn

n
It should be noted that Y TT,, = TT,_ is a constant of the problem. Therefore,
i=1

ﬁné balancing for mixed-model assembly lines is achieved by finding the assignments of
tasks to workstations that minimizes the product of n by T. If one of these variables is
fixed, the line balance reduces to minimizing T (case where n is fixed) or minimizing n
(case where T is fixed). If both n and T are fixed, the amount of idle time will be the

same, independently of the balancing solution. |

- Sometimes, instead of ilsing Eq. 5.10, the station time§ are bounded by a
minimum and a maximum station time, i.e.,
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TT, < TT,, < TTy (5.13)

where TT, and TTy are respectively the lower and higher desirable station times
(total times per period T). The station time may be below TT, because of precedence

constraints or other type of restrictions.

Methods that solve the line balancing problem for single-model lines may be used ‘
for solving the mixed-model balance. The line balance for single-model lines is bz‘ised on
the cycle time and on the work element times - assign work elements to stations such that
the sum of the work element times in each station is less than or equal to the cycle time.
In mixed-model lines, the cycle time is replaced by the shift time, and the task times are
repiaced by the total task time per shift (i.e, the time required to perform a work element
in all units). Hence, instead of | T, T is used, and instead of T,* TT, is used (as

mentioned before, this procedure is commonly known as task-group balancing). The use
of total task times rather than the task time per model (TT, rather than Teﬂ) will result
in assigning each work element to only one station.

The combined precedence diagram for the product-mix should be constructed.

This diagram combines the precedence diagrams of the m different products.

5.2. Measures for the Efficiency of the Balance Solution.

‘Measures that evaluate the efficiency of the balance solution can be computed.

*On a single-model assembly line T, is the time to 'perform task k.
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5.2.1. Balance Delay.
The balance delay ‘measures the line inefficiency that results from idle time due
to imperfect assignment of work elements to workstations. The balance delay may be

defined as a percentage or a decimal fraction. For a given schedule T the balance delay

d is given by

nT - E TT, (5.14)
d — i=1
nT

For a perfect 'balance5 (i.e., evenly distributed station times) the balance delay

is zero, and therefore nT = E TT,.
i=1

Sométimes instead of using d the Balance Loss is used. This is defined as

T Y QT,, . which is equivalent to
j1 ’

nT - Y TT, (5.15)

31
i=1
Values for balance delay ranging between 5 to 10% are usually considered

acceptable.

5.2.2. Balance Efficiency.
Sometimes instead of balance delay balance efficiency is used, which is the counterpart

of d. Balance efficiency e is given by

+ -

51t is impossible to achieve a perfect balance in manual assembly lines because of work
element and station times variability.
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) 1T, (5.16)

e = -100%
nT

5.2.3. Smoothness Index.
Moodie and Young (1965) defined a measure for single-model assembly lines,
which they called Smoothness Index (S.I.). It indicates the smoothness of a given

&

balance. For this type of assembly lines, the smoothness index is defined as

81 = JE(TM—Tsi)Z | (5-17)
i=1

where T,,, is the maximum station time required to assemble one unit (of the model
produced), and Tsi is the time required to produce one unit at station i. A perfect balance

would result in a smoothness index of O (in a situation of perfect balance T, = Tsi)' We

max

modified the smoothness index in order to extend this definition for the case of mixed-
model assembly lines. The smoothness index becomes the square root of the sum of
squares of station times deviations from the maximum station time per period T (TT,,,.).

These station times are total times per shift. Hence,

SI = \jz (TT,...-TT.)? (5.18)
i=1
fori =1,2,..,n.

For é perfect. balance TT,,,, = TTsi,_i =1, 2, ..., n, and therefore the

smoothness index would be equal to-zero. -~ - - - S



5.3. Heuristics for Solving the Line Balanéing Problem.

Several authors (Kilbridge and Wester 1961, Prenting and Thomopoulos 1974,
Macaskill 1972) argue that the size and complexity of some problems make the use of
algorithms yielding optimal solutions impractical, and because of that, they defend the
use of heuristics. The use of the most popular heuristics is found to yield near optimal
solutions. Mastor (1970) investigated the effectiveness of several line bélancing methods
for single-model assembiy lines. The measure of effectiveness used was the maximum
output rate obtained for a line with a speciﬁed '.number of stations. The speed of
computation was used as a measure of the cost of computatidn. Among the line balancing
techniques evaluated, the method proposed by Held, Karp and Sharesian (1963)
consistently achieved the best results. However, this method required a greater computing
time than the Comsoal method developed by Arcus (1966). Sophisticated methods for line
balancing are available. The effectiveness of the solution obtained can be increased with
the use of those sophisticated techniques. In general, simpler methods such as the Largest
Set Rule or the Ranked Positional Weight are likely to be adequate and less costly for

the majority of situations.

Mastor (1970) alludes to the "Station-to-Work-Element-Ratio" (or simply the
station-task-ratio) which is the total number of stations divided by the total number of
work elements; when for a given line balancing problem the number of workstations

increases, the station-task-ratio increases. Mastor argues that as.the average number of

work elements per workstation decreases, there are fewer combinations of work elements



that may be assigned to a workstation. As a consequence, each station may not be using

all the time available to that particular station. In such a situation, a greater amount of

idle time results.

Macaskill (1972) argués that the station-task—ratio is lower® for mixed-model
assembly lines than for single-model assembly lines because there are multiple models
in the MMAL, each having its own unique elements; and therefore the balance
effectiveness tends to be higher in mixed-model assembly lines than in single model
lines. This permits the conclusion that the use of less sophisticated methods wi]i not
degrade the efficiency of the line balancing solution. Also, in mixed-model problems, the
sequencing of products may diminish or even negate apparent advantages that are

obtained by the use of sophisticated balancing methods.

Macaskill (1972) evaluated the performance of a computer program that used the
R.P.W. (Ranked Positional Weight) technique and concluded that the task-group
balancing (i.e., the balance is based on total task times) obtains quickly balanced
solutions in which each task is always assigned to the same station. It was also concluded
that due to the fact that mixed-model problems have lower station/task ratios than single-
modél problems, qﬁite unrefined balance methods will often result in balances of

acceptable efficiency. The results of the computer simulation showed that the balance of

large-scale mixed-model problems; using task-grouping methods, results in relatively

SA lower station-task-ratio means that the average number of tasks per station is higher.
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small computer time and the storage requirement is not excessive.

Methods based on heuristics (therefore, they do not guaranty an optimal solution)
that are very often used for line balancing are the Largest-Candidate Rule and the Ranked
Positional Weight method. These two, according to Macaskill (1972) do not differ in
relation to the resultant balance efﬁciency and the computational time is approximately
the same. However, in his study, Macaskill used the R.P.W. technique because "it
allows the order of assignments to be changed easily by makh;g arbitrary changes in the
positional weight values"”.

Sometimes, although a solution obtained by the two above mentioned methods is
satisfactory, it may not be appropriate from a material-handling viewpoint. It may happen
that tasks that belong to different subassemblies are assigned to the same station (We-Min
Chow 1990). To feed different subassemblies to the same station may be impractical and
a source of problems. | |

Another balancing method, the Largest Set Rule attempts to assign tasks in such
a way that each station will, when possible, be assigned tasks that belong to only one
subassembly. In relation .to computer effort, the Lafgest Set Rule does not differ from
the two above mentioned methods. If has the advantage of attempting to assign tasks that

belong to different sub-assemblies to different workstations. Balance efficiency seems to

be at least as good as the efficiency achieved by the other two methods. In somé cases

it even performed better (We-Min Chow 1990). This was also verified with the example

presented in section 5.3.2.
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'5.3.1. Example of a Line Balancing Heuristic: The Largest Set Rule.
We-Min Chow (1990) presents the Largest Set Rule algorithm for singlefmodel
assembly lines. The following is an adaptation to the mixed-model assembly line problem

that was developed in the current study. The MMAL Largest Set Rule algorithm

proceeds as follows:

1. For each work element k calculate the total task time per shift:

m
TT, = Z}QjTejk'
e

2. The weight factor w, for each work element k is defined by

w, = /Z TT,+TT,, where p, = set of all work elements preceding
k'epy

work element k in the precedence diagram.
3. Let S be the set that is composed off all work elements and i = 0.

4, i = i+1. Let T; be an intermediate variable in the calculation procedure.

T, = T (T is the shift time).

5. Calculate the weight factor for each element in S. Find the work element

k W{th largest weight factor less or equal to T;, i.e. k : w, = max (w,) <

T,. If there are no work: elements satisfying these conditions go tostep 7.~ -
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6. Assign work element k and all its precedents in S to station i. Delete from

S the work elements just assigned. Reduce T; by w,.

S = 7 Yes. Then the solution is found.

No. Go to step 3.

7. If T, = T, then stop. The shift time is too small and no feasible solution
exists. If T; < T then a new workstation should be added to the line. Go

to step 4.

Note: It may not be possible to solve the line balancing problem when the shift time is
too small. One example of this is when the number of stations is imposed. If the shift
time is too small it will be impossible to keep to the given number of stations without

resulting in a station time greater than the shift time. One possible way of dealing with

too small shift times is to use parallel stations.

5.3.2. Application of the Largest Set Rule to a Line Balancing Problem.

The following example was developed for a Lehigh class. Consider a mixed-
'model assembly line where two similar models (models 1 and 2) of a product are to be
produced. ‘The line is composed of 4 sfations and the shift time is 60 _minutes.i The -
prodﬁction requirc}llénts,'for the shift time are 7 units of model :1 and__Su units of model™"

2. The elements, work element times and precedence constraints are given reSpectively
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&
for model 1 and model 2 in tables 5.1 and 5.2 below. Task times are assumed

deterministic.

[ 4

Table 5.1: Elements and Precedence Constraints for Model 1

Element Element -Time " Immediate Predecessor (s)

-

v

CITNN 1

-~ =

NourdkdwhR
WNRENDDDWR

Table 5.2: Elements and Precedence Constraints for Model 2

Element Element Time Immediate Predecessor(s).

1 1 -

2 3 1 :

3 4 1, 8

4 2 8

6 2 2, 3, 4

7 3 6, 9

- 8 4 -

9 2 4

The precedence diagram for each model is illustrated in Figures 5.1 and 5.2.
In mixed-model assembly lines, as mentioned, the line balancing is done using

total task times rather than individual task times. For the scheduled period time T, the

time required to accomplish work element k on all units is given by
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which for this example becomes

TT, = 7T, + 5T,
1k

€t

For example, the time required to perform element 6 on all units required for the

scheduled period 'If=60/minutes isTTg=7-2+5-2 =24,

Figure 5.1: Precedence Diagram for Model 1

1 3

{

1 F -3,,
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Table 5.3: Element Times per Model and per Shift

Time/Unit ' Time/Shift
Model Model - ' Total
—_— _— Time
Elements 1. 2 1 2 per Shift
1 1 1 7 5 12
2 3 3 21 15 36
3 4 4 28 20 48
4 2 2 14 10 24
5 1 0 7 0 ) 7
6 2 2 14 10 24
7 3 3 21 15 36
8 0 4 0 20 20
9 0 2 0 10 10
Totals 16 21 112 105 217

The precedence diagram (based on total element times) for the model-mix is

presented in Figure 5.3.

Figure 5.3: Precedence Diagram for the Model-Mix.

12 16

Legend:

X total time per shift required to perform elementk . . o

' @ work element k
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Line Balancing using the Largest Set Rule:

1.

For each work element calculate the total task time per shift. They are
presented in the last column of Table 5.3.

S = Set of all work elements = {1, 2, 3, 4, 5, 6, 7, §, 9}.

i=0.

i=i+1=1T, = 60.

Determination of the weight factors:

Table 5.4: Weight Factor for Ele?n/e;ts mS@G=1)

Elements Wy

12
48
80
44
55
164
217
20
54

WoOoJIAU b WNRE

The element with largest weight factor < 60 it is element
5. Therefore, 5 and its precedents (1 and 2) are assigned to
the first station;

T;-55=5=T, =5 < 60 .. anew workstation has to be added to the -

line.
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Station 1:

Element Time

1 12

2 36

5 7
T, = 55

°oi=2;T,=60;S = {3, 4,6, 7, 8, 9}. The calculation of the weight factors

in S is:

Table 5.5: Weight Factor for Elements in S (i = 2)

Elements

oo wWwhNR

Wy

68
44

116
162
20
54

By the same procedure as above, the elements assigned to station 2 are {8,

4,9} =2S5S={3,6,7}

Station 2:

Element Time

8 20

4 24

9 10
TT, = 54

60



° 1 = 3 results in

Station 3: Element Time
3 48
TT, = 54

- Therefore S = {6, 7}.

°oi=4
Station 4: Element - Time
6 24
7 36
™, = s

The balance using the largest set rule resulted in the following assignments of

work elements to workstations:

Table 5.6: Line Balancing Solution for the Largest Set Rule (LSR)

Station Station time (TTy) s
i A B
1 55 5 4
2 54 2 8
3 48 4 4
4 60 5 5
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Figure 5.4: Assignment of Elements to Stations (LSR Method)

12 36 7

20 g Dé/ 10
8 4 ' "> Legend:

|_T_J=Station i

The Smoothness Index, as defined in eq. 5.18 is calculated to be:
S.I. = 14.32
The balance solution may have been different 1f another balancing method was

used. For example the R.P.W. would have resulted in:

Table 5.7: Line Balancing Solution for the RPW Method

Station Station time (TT,) TSU
i A B
1 56 3 7
2 58 4 6
3 60 5 5
4 43 4 3
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Figure 5.5: Assignment of Elements to Stations (RPW Method)

3
/
20 2%4 10

The Smoothness Index for this solution is:
S.I. = 17.578.
Note that for both s<;1utions the balance delay would be:
"d = 0.0958, or equivalently d = 9.58%.

This could not be otherwise because to minimize idle time is equivalent to one of
the following situations: (1) to minimize the number of stations - when the shift time is
fixed; (2) to minimize the shift time - when the number of stations is fixed or (3) to
minimize the product of the number of stations and the shift time. In this example both
the shift time and the number of stations are fixed, therefore the balance delay is the

same for the two balancing methods (the resultant total amount of idle time is the same).

However, the solution given by the Largest Set Rule seems preferable because: the.

RS e s e AL ARV LV

~ smoothness index is smaller and because tasks belonging to different subassemblies are |

assigned to different workstations (this should facilitate the delivery of subassemblies,
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component parts, etc., to the workstations). Note that with the Largest Set Rule tasks 1

and 8, which belong to different sub-assemblies, are assigned to the same station.

5.4. Unavoidable Idle Time at Each Station.
When the balance is not perfect there will be an amount of idle time in each

station where TT,; is less than T. The idle time during the period T will be:
T-TT, i=1,2,.n (5.19)

Normally the station idle time will be zero at the slowest station. The total

unavoidable idle time is designated the Balancing Loss.

5.5. Smoothing the Station Assignments.

Usually the line balancing solution provides task assignments to stations that result
in different models having different‘ times in each station, even if the station workloads
are perfectly balanced. The launch of several units of a given model will result in station
idleness. Thomopoulos (Prenting and Thomopoulos 1974) presents a methodology that
attempts to smooth the assignments that are achieved by the balancing method. The
objective is to equalize the workload for each model over all stations. This resuits in
smoother station assignments, enabling operators to work at a steadier pace and to reduce
sensitivity to the sequence (Prenting and Thomopoulos 1974). Let TSU = the amount of
 time that a unit of model j is b-ei'ng processed at stationi j = 1, 2,..., m, i»= 1, 2,....,
ﬁ); then the total time during the périod T that station i is occupied is given by 'I“"I‘Si

(defined in section 2.9).
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The total time required at station i to produce all Q; units of model j is

QT

5 (5.20)
forj=1,2,..,mi=1,2,..,n
The average (or the desiredj amount of the total work content for all units of

model j is given by

Q TT. .
STy = v (5.21)
n (,; ef’f) n

then the objective of mixed-model line balancing for smoother assignments is to allocate
work elements to stations in such a way that precedence constraints are respected, station

idle time is minimized and service times are found which minimize

n m Twc
A=Y Y- QT 5.2
i=1 j=1 I :

Minimizing A tends to smooth or equalize the total work load for each model over

all stations. If A = 0, then each model will have the same service time at each station.

This is a multi-phase procedure in that there is a first phase where an acceptable
assignmgnt of work elements to stations is determined, which is then smoothed in the
second }phase. This smoothing process is done iteratively. For each step of the iteration
A is calculated. The iteration process stops when A is equal to zero or when a
predetermined number of steps has been reached. In the second case the solution wili ‘be
the one that yields the minimum A. ‘Iﬁ the study »performe”d:.lzy Macaskill (1972) it was

initially thought that effective measures to smooth the assignments would require a
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considerable computer effort and an incréase in computer time. These measures were not
included in his study. The- conclusions showed "that unevenness of tasks for a given
model tended to reduce overall performance of the line, to increase line length, and to
increase sénsitivity to the seﬁuence in which the products are launched into the line".
However, provided that the product sequence can be controlled, i.e. if the sequence is
carefully determined in order to minimize inefficiencies, the effect of u;leven assignrﬁents
appears to be fairly harmless. In another study where simulations for the mixed-model
sequencing problem were studied (Macaskill 1973), it was verified that the unevenness
in station workloads for a given model did not lessen signiﬁcaﬁtly the performance of the
shift performance.

Even if the total work for each model is evenly assignéd, if the sequence is not
appropriate, inefficiencies such as station idle time will be pr¢sent.

‘It was concluded that even though the balance for MMAL using total times will
result in uneven station workloads for each model, this method is acceptable for general

use and will offer many advantages (such as less calculation effort). ..

5.6. Concurrent Work.

As mentioned in section 2.15, concurrent work means that operators belonging
to édjacent workstations are allowed to work simultaneously on the same unit. Macaskill
(1973) argues that concurrent work has great advantages. For examplé, when concurrent
work is not allowed if a"\iVOrker cannot finish the work on a unit within his staﬁon limits

he is forced out of the station to complete the work. The worker in the next station
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cannot start working because the precedent operator is still occupied. Then this operator
will start working late and may not be able to finish work within his station hm1t% This
situation is likely to be propagated over the entire assembly line. Allowing for concurrent
work will diminish the possibility of situations like the one described here. Therefore,
concurrent work is also a potential for decreasing idle time and throughput time. Another
benefit of concurrent work is that it reduces the effects of variability in work element

times.

5.7. The Multi-Function Worker.

Monden (1983) presents the concept of the multi-function worker, which means
that a worker is trained to perform a large ;cope of tasks. It is believed that through a
larger scope of .skills, boredom in work is avoided (or at least diminished), motivation
is increased and better job satisfaction is achieved. The outcomes are an increase in work .
efficiency, and therefore an increase in line efficiency. Monden gives an example of an
automobile company where workers are trained to operate as many as ten machines.
When there is an increase in demand, temporary workers are hired and each worker will
handle less than ten machines. This way the utilization of the machine’s capacity is fully
utilized. These temporary workers need, of course, to be trained. When demand
decreases workers are transferred to other sections of the factory or receive new training
in other areas. The workers remaining on the production line will handle more machines

than before. This enables the factory to be flexible in copmg w1th changes in productlon

Th1s line of thought can be easily extended to assembly lines. Dar-El and Navidi (1981)
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described an application of a mixed-model problem where operators are trained to
perform a large scope of tasks. For the problem presented there was a workstation (A)
were an operator was not 100% occupied. This operator was trained to perform the
operations that were done at workstation B. When the worker at station A was not
occupied he could help the operator at station B. Workstation B had two operators
occupied 57% of the time. Allowing for one worker to travel from his home station to
station B reduced the number of workers at this station to one. The remaining operator
at station B became 100% occupied, and the work that he could not handle was taken By
the worker of station A when the latter was unoccupied.

The main benefit of cross-training workers is that when a worker is not fully
utilized at his home station he may travel to another station where there is a worker
unable to finish the work on certain units. This enabies two workers to be simultaneously
working on the same unit (performing different tasks) or on two units.

There is therefore a potential to reduce idle time and consequently to reducé the
throughput time.

There are practical restrictions on the distance that a worker may travel away
from his home station. Also, workers cannot interfere with each others work. If
concurrent work is not well planned, interference between the two operators mziy happen
and the line efficiency will decrease.

‘To train operators to deal with several tasks has the drawback of increasing the
cost of the learning process, but because it has the potential for increasing ﬁfie efficiency -

(less idle time, shorter throughput time), it is advisable to use it.
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5.8. Parallel Stations.

When the time to accomplish task k on all Q units 1n shift T (TT,) is smaller than
the shift time, it may be necessary to have parallel stations. Having stations in parallel
can multiply the rate of production (e.g. for two stations in parallel, the station cycle
time is divided by two and the production rate is multiplied by two).

Buxey et al. (1973) state that in nonmechanical unpaced lines "the use of two
identical vstations per stage has inherent operating advantages” and that for Products Fixed
items in continuous flow-lines the "decoupling of stations is effected by manipulation of
conveyor speed and item spacing”. A study performed by Wild and Slack (reported in
Bﬁxey et al. 1973) indicates that the ﬁse of two identical stations per stage has great
advantages when the number of stations in the line is large, the buffer storage capacity
is low and operator variability is high. These results can be ektrapolated to
nonmechanical unpaced assembly lines. Sometimes the flow of materials required by
parallel stations may prevent their use.

Reiter (1966 - also reported in Buxey et al. 1973) has shown that line balancing
can be improved when concurrent work is allowed. Concurrent work can be seen as a

sort of paralleling.

5.9. Lines with Several Labor Groups.
To find the solution for the line balancing problem when the assembly line
includes several disjointéd’but related areas or labor groups, each -area -iS‘eonsidered_ de

independently of the others. However, when the models are launched into the line each
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model will flow from one area to the other. Theréfore the sequencing of products must

be the same for all areas.

5.10. New Production Runs.

For a change in product-mix, Macaskill (1972) indicates that if the second
product-mix does not differ {oo much from the first, it will often be acceptable to retain
the first assignment for the second mix and adjust the production requirement in a way
that no station is overloaded. If the second product-mix is very different from the first
one, then there is no other choice than to rebalance the line. This may include costly
aspects such as hiring and firing workers or another type of solution. The system should
hnve enough built-in flexibility to cope with changes in the product-mix and/or the
production level. Operators should be prepared to work longer or shorte:r periods
(including overtime and undertime), and tools should be flexible enough so that each time
the line is rebalanced they can be redistributed.

It is very common in the automobile industry to rebalance lines to achieve
different output rates (Buffa 1980). Changes in the output will induce changes in the
theoretical cycle time. In a continuous flow line a change in the output level can be
handled with a change in the conveyor speed. In general, if the new production does not
require radical changes in the line, the operators at the workstations will adapt to the new
,s1tnat10n For example, Buxey et al. (1973) states that operators on a manual assembly

‘line w1]1 respond to a reduction in the feed mterval by reducmg theit" serv1ce tlme



It is possible that the required production may not be achieved during the shift
time and that a residue of r units is left to be completed in the next shift, being the 1™
unit at the first station on the line. The work on the next shift will include the completion
of the residual work plus the required production for that shift. Macaskill (1973) in a
computer simulation for mixed-model lines, assumed for balance >purposes that the
residual work between shifts was approximately the same.

We propose the following to balance a line considering the possibility of having
residual units: (1) if r and its distribution can be estimated the balance will be done the
same way as for no residuals, but the work to complete the r units will be added to the
work required to complete the shift production; (2) if r cannot be estimated then the
balance is done normally and the units are sequenced and the residual units are reported.
The residual units and their distribution among the line would be used in a new balance
and a new sequencing solution.would be generated. The residual units are again reported
and a new balance is done. This would be an iterative process that would stop when the
soluﬁon reached a satisfactory level or when a predetermined number of steps was done.

Measures to lessen the possibility of having residual units left at the end of a shift

.are taken in the sequencing procedure, but sometimes it may be impossible to complete

all units within a shift.

5.11. Variability of Work Element Times.
When assembly work is performéd by human operators it is almost impossible to

have deterministic task times. Previous research (Wild 1971) showed that typically the
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relationship between output and time of work is a low output in the beginning of the
work period, then increasing and finally decreasing towards the end of the shift. Hicks
and Young (1962) concluded that task times are randomly distributed and can be
approximated by the ﬁormal distribution.

Moodie and Young (1965) studied the line balance of a single-model line where
task times are aSsumed normally distributed. The line balanciné objective was changed
to account for the variability of task times. The station time now should introduce the

variability of task times. Therefore,

TT, = Y. TT, + z 'E or | (5.23)
kei kei

wher%ﬁ'k is the mean of the observed times when performing task k in Q units(it

is the mean time to perform task k on all Q units); E T_Tk is the sum of the mean times
kei

for the work elements allocated to station i; o k2 is the variance of the observed task k
times. Hence l E ok" is the standard deviation for station i time; z is a constant value
kei

that represents the probability of TT,; exceeding the shift time T. The values for z can
be obtained from a table of the normal distribution. For example, if it is required that

in 97.5% of the occasions the workload assigned to the stations is less than the shift

time, a factor z = 1.96 is required. This would mean that ¥ TT, < T - 1.96 l Y o2,
: kei

kei

for each station i. Note that z = —% " is the transformation parameter of a normal
o

distribution (TTj;0;) into the standard normal distribution (0,1).

Modifying the line balancing objective function to account for task time variability -
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will result in

(5.24)

n
Min E[T -YTT, -z Izo,f)
i=1 kei kei

We suggest that an heuristic method be used to solve the line balancing problem.
The methodology would be the same as for the deterministic case, but instead of using

deterministic task times, stochastic times would be used.

Hoffman (1990) in a study on single-model assembly line balancing, suggests that
the use of a safety slack (i.e. the use of a cycle time greater than the largest sum of task
times at any one station), may be used as a method to deal with variable task times
thereby making difficult balances easier to solve. Using a safety slack will result in

station lengths slightly larger than the length required for deterministic times.

Arcus (1966) states that if the variance of 'task times about the mean becomes
greater the consequen;:e will be that the worker tends to move out of the station further
upstream and downstream, the distances out of the station becoming greater.

Macaskill (1973) recommends that when task time variability is small "a

-deterministic situation will provide a satisfactory tool for predicting the performance of
the assembly line".

A very common procedure is to do a "notational” line balancing (Buxey et al.
1973)whlchmeans that the line is balanced considering only the mean station times.

Another assumption about work element times is that they are additive (Groover
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1987). However, an operator may save same time if given work element is performed
after another specific one. If this happens the time to perform both tasks may be less than

the sum of both task times taken individually. .

5.12. Measures to Reduce the Effect of Task Time Variability.

Buffer storage may be useful to reduce tﬁe effect of variability in task time.
Macaskill (1973) concludes that concurrent work will tend to reduce ésk time variability.
Allowing for a certain amount of idle time will also lessen the effect of task time
variability. It will be better to provide the line with an amount of slack time in order to
provide more flexibility for the workers. If there is not a small amount of idle time and,
a worker is having sdme problems in accomplishirig a cer;ain task, the unit may leave
the station incomplete. If there is slack time, the worker can use this amount of extra

time and the possibility of having incomplete units becomes smaller.

5.13. Comments.

Line balancing can also be applied to automated assembly lines or mechanized
fabrication lines. However, it is generally more difficult to subdivide operation times on
mechanized processes than in manual production tasks. This makes liné balancing for
such cases very difficult (even impossible) to achieve. The result will tend to be poor
equipment utilization and relatively high costs. In assembly lines, where the work is more
- likely to be manu;al, balance is.eésier» to achieve because the work to be performed may .
be divided into small parts and distributed over several workstations. Because there is

. _
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usually very little equipment at each station, utilization of equipment may not be of great
importance (Buffa 1990). This is not the case for an automated line where work is

performed by machines and usually maximum machine utilization is presumed.

The results of prévibus studies appear to reinforce the opinion that it is acceptable
to balance the assembly line with heuristic methods that yield fairly good balances even
if there will be unevenness in the station workloads for a given model. In cases wheré
task times vary signiﬁcantly, such as in inanual assembly lines, the use of algorithms that
yield optimal solutions (for deterministic task times) may not perform the same way, and
can in fact be far from the optimum when variability in task times is present.
Furthenndre, the complexity of some problems (great number of work elements and of
possible models), inhibits the use of such algorithms because of the computer effort
required. The speed of calculation and computer storage requirement were aspects of
great concern in the 1970’s. Due to advances in computer technology these aspects do
not seem sb relevant as they were then. However large problems still require a
considerable amount of effort and may be a reason why heuristic methods seem
preferable. The variability in task times introduces a new complication to the prqblem
and gives support for the choice of heuristic methods rather than optimal solution
algorithms. [Heuristics have proven to achieve near optimal results and are less costly to
use. With the trend in computer technology, it ié expected that in a near futl;re the use
T nt;';f“f‘bféﬁﬁhisticated methods will not pose major probiemS. T e

The sequenéing of products into the line is addressed in the next chapter.
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6. The Sequencing Problem

The different models to be produced on a mixed-model assembly line typically
require different amounts of work at the different.workstations. If several units of a
model with high wdrk content are successively launched into the line this will result in
overloading of stations during the period that the line is producing these units. If after
that several units of a model with low work content are successively launched, fhe
stations will be under-utilized. Those two situations are not desirable because a situation
of overload can prevent the worker from completing the work on the units and under-
utilization means worker idle time.

’ It is preferable to feed the line with a sequence of products that will result in a
smoothed production, which means that the stations will not be over or underloaded for
significant amounts of time, and the interval between successive units coming off the line
is approximately co'nstant. An inadequate sequence will ten& to increase the idle time of
the line; it will add an extra amount of idle time to the balancing loss due to imperfect
balancing, increase the effect of unevenness of workloads, and decrease line
performance. Previous research (Prenting and Thomopoulos 1974, Dar-El 1978,

~ Macaskill 1973, Bard et al. 1992) demonstrated that an inappropriate sequence wiIl result
in a significant reduction in the throughput and increase the assembly line length

A
(resulting in an increase in the production cost).

R e LS

Suppose that all models have exacﬂy the same station service times. In such a
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situation the line would be essentially working as a single—model line; the time between
successive units coming off the line would be determined by the slowest station and the
(;rder in which the units are launched into the line makes no difference. Because each
model spends at each station exactly the same amount of time than the other models, the
order in which models are fed into the line does not increase the operator idle time. In
such lines the main concern is to minimize the idle time due to imperfect balance, and
therefore to achieve the best possible line balance.

However, in mixed-model lines, different products have different station service

times. In this case, the sequence of models onto the line becomes an issue.
Q!
Q,!Q,!Q,!...

sequences. For a given line balancing solution, at least one of these sequences is the

.
For Q units (Q = Q; + Q, + Q; + ...) there are possible

optimal one. However, it is not practical to search all possible sequences and choose the
best one. This would require a considerable calculation effort even for small problems.
It is very common to determine the sequence through the use of heuristic methods.
Previous research in the mixed-model assembly line sequencing problem (Bolat 1988),
suggested that the use of techniques that search for the optimal solution (such as branch
and bound algorithms, for example) become inefficient for large problems. The number
of units to be scheduled and the restrictions on the problem become such, that these
algorithms cannot soive the problem. Similar to line balancing of mixed-model assembly
lines, it seems that heuristics are the best option to solve the sequencing problem.
Heunstlc§ notonly Acarlniv-z‘iﬂcrhig{/e- good solutions, but they are also less pomplicated than

algorithms that search for the optimum, and the cost of using heuristics is likely to be
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smaller. This chapter is concerned with the use of an acceptable’ method for determining

the sequence in which units are launched into the line. Deterministic assembly times are

assumed.-

6.1. An Heuristic Method to Solve the Sequencing Problem.

The proposed method employs the same procedure for selecting the units to be
launched into the line as the Goal-Chasing method (Monden 1983). The objective is to
maintain, for each station i and for each launch, a workload as close as possible to the
average station time per unit. Open stations enable the line to/ become more flexible and
can result in a decrease in throughput time and rate of incomplete items. If a unit
launched requires more work at a station than station passage time allows, the operator
is forced out of his station to complete the work. If the station has a closed boundary,
the unit will leave the station uncompleted. If units requiring more work than the station
passage time allows are launched successively, the operator will be constantly travelling
past the downstream limit and may reach a point where he cannot catch up to arriving
jobs. On the other hand, if jobs requiring less work than what is allowed by the station

| passage time are launched successively, the operator will be idle for the case of cl'osed
stations or will have to travel past his upstream station limit in order to start work on the
next product. This Jatter situaﬁon may be undesirable because it can cause interference

x

between adjacent workers.

'In terms of the quality of the obtained solution and expended calculation effort.
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Buxey et Aalv. (1973) state that ideally a model that overloads a station should be
followed by one which allows for slack time in that station. This should allow the
operator to finish the model with great workload and still have time to complete the next
model within his station limits. The method proposed in this thesis is an attempt to do
exactly that, i.e. if a unit requires a great amount qf work, the next unit to be launched
will require a lighter workload and vice-versa (h\ghter workloads will trigger the
launching of units that require heavier workloads). Such method has the result that the
operator will be working on each unit an amount of time that is close to an average time

per unit. This average time per unit is the station average time, given by:

T - L 6.1)
Q

The reasoning behind this is to have the operators working virtually the same time
on each unit launched. This will smooth the workload for each operator, although it may
not smooth the workload across all workstations, since this is the problem in line
balancing. The method should therefore be applied after the line has been balanced and
the obtained balance solution is acceptable, which means that the workload is
approximately leveled across all stations. S

The basic appfoach in the method is that the unit that should be launched at the

™ position in the sequence is the one that results in the time to produce / units equal to

the total station average time to produce the [ units. Defining X;, as the time required at

.

station i to complete the work on / units and

to complete the assembly work on the / units, the unit launched at positioxi I will be the
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one that minimizes the difference between X, and 1-T,,.

In'an assembly line there are several workstations; the unit chosen to be launched

at position [ is the one that results in the minimum difference across all stations (the

differences between X;, and [-T, fori = 1 to n are added and the unit that results in the
least value for this sum is the one chosen to be launched. The difference between the two
mentioned values is squared in order to-avoid the inclusion of negative terms in the

summation.

6.1.1. Mathematical Model.
Consider a mixed-model assembly line where a number of different models are
to be produced. Let m = number of different models to be produced, where m = ¥,

i=1,2,3,..., m (Qis the quantity of model j to be produced); Q = total production

requirement

m
Q= E Qj); TT,; = amount of time necessary to complete all units to be
=1

produced at station i (this value is given by the balance solution); X;, = amount of time

necessary at station i to complete the first / units.

Then TT,/Q = average time available at station i to work on each unit launched;
I'TT,
Q

To keep the average workload at station i as constant as possible it is desirable

and

= Z’Tsi = average time to produce [ units at station i.

for X;, to be as close as possible to the value of l-_Ts,i. The sequence. to be.chosen. is the

one that for each launch results in the closest station time to the average station time for
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each station.

Consider Figure 6.1.

Figure 6.1: Relation Between X;,; and l-_Tsi

Amount of Time
Station i is Occupied

4\

Launch (£)

For the points P, and Q,, where P, = (I- TT,,/Q, I- TT,/Q, ...,I- TT/Q), (i =
1,2,..,nand Q = X, Xy, ..., X, ), if the goal is to have the workload in each
station as constant as possible, for each launch / the point Q, must be as close as possible

to P,. The distance between two given points is given by

| [a(iTr, } :
L T e S G “‘Dl'=" .P[_Q[“ . =\IE ( Q L :Xi;l)' - e o : (6.2) N
’ i=1 A ‘ -

The model chosen to be launched as the I launch will be the one that minimizes
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D,, or equivalently, the model launched at the [® position in the sequence is the one that

n ([-TT. > noo_ |
minimizes E( o = - X, T ) = minimizes E(l Ty - X,y —TSU)2 6.3)

jes i i jes il
where TSU = service time (station time) for model j at station i; X;,; = necessary
assembly time to perform -1 units at station i; and S = the set of models remaining to

be launched.-S = {S,, Sz,...,' S;}; S; is the set of units of model j reinaining to be

assembléd.

6.1.2. The Sequencing Algorithm.
The sequencing algorithm can be outlined in the following stepé:
I.Forl=1,X,,=0G4=1,2,...,n),S8 =Q.
2. The model chosen to be launched in position [ is the one which
" —
min;'z;izes Z; (l-Ts i~ X T !j)z 6.9
Remove the unit assigned from S;: §; = §; - {1}
oIs S, = &7
°If §; = & remove §; from §: § = § - §;.
o0 js S = 7
- Yes, stop. All the units are assigned to a position in the sequence.
- No, go to step 3. >

' *o If§1¢ @ >g0t0 Step 3

3. Calculate X;; = X;,; + TSU , set I=1+1 and go to step 2.
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Suppose that at the /* launch, two models have the same value for Eq. 6.3, and
thérefqre, both are candidates to be launched. Suppose also that these are modei 1 and
2. Eq. 6.4 will be célculated twice for each model remaining to be launched at position
141, once for model 1 as the M launch and once forbmodel 2 as the I* launch. The model
éhosen to be launched in position /41 is the one that results in the least value for eq.
6.4, and its corresponding model (1 or 2) is launched at position /. If for the second level
there is a tie again instead of going one level deeper it is suggested that the model td be
launched at the [™ position is the one that will enable a greater variety in the production
(e.g. if there is a consecutive tie between models@l and 2 at the [* (J+1)® positions,
instead of repeating the calculations for one level deeper, if the model launched at -1

was of type 1 then, at the " position should be launched a model 2 and vice-versa).

6.1.3. Example.

The line balancing of the problem presented in section 5.3.1.1 resulted in the

following station times:

Table 6.1: Workload Distribution

Station Station Time (min)
i
1 55 '
2 54
3 48
4 60
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Table 6.2: Service Times

Model ' Ts,, . Demand
j 1 2 3 a4 o

1 5 2 4 5 7

2 4 8 4 5 5

There are 12 units to be launched. Therefore, for [ = 1

Model 1:
2 2 2 2 .
13 _0-5] + (122 -0-2] + (128 -0-4] + (1-90-5| - 64
12 12 12 12
Model 2:
2 2 2 2
13 _0-4] « (122 -0-8) « (128 0-4] + [1-89-0-5] - 125
12 12 12 12

Therefore the model which minimizes eq. 6.4 is model 1. The computation of X;
gave -

the following results:
X1 =35, X1 =2,%,=4,X,=5

For the 2™ launch (I=2) eq. 6.4 is calculated again for each model:

Model 1:
2 2 ‘ 2 2
23 550+ (222 2 2]+ (228 4 4]+ (280 55 - 259
12 < 12 12 12
Model?:

2 < 2 2 ) 2
23 5 4]+ (22 28]+ 228 4-4]+ (250 5-5) - 103
V12 \ 12 12 B V2 S
Thus, model 2 is launched at the second position in the sequence. The time that
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each station is occupied producing the first two units is
Xl,2 =9, Xz,z = 10, Xs,z = 8, X4,2 =10
The same calculations are repeated until there is only one type of model left to

be scheduled.

The sequencing algorithm was applied to 12 launches which resulted in the

following:

Table 6.3: Resultant Sequence for the Example in Section 5.3.2.

Launch Model X X Xay Xy
()
1 1 5 2 4 5
2 2 9 10 8 10
3 1 14 12 12 15
4 2 18 20 16 20
5 1 23 22 20 25
6 2 27 30 24 30
7 1 32 32 28 35
8 1 37 34 32 40
9 2 41 42 36 45
10 1 46 44 40 50
11 2 50 52 44 55
12 1 55 54 48 60 .

There was a tie at /=6, thus it made no difference whether model 1 or 2 was
Jaunched in that position. For launch /=7 there was again a tie for the sequences 12 and
21 - to lau.nch 1 at [=6 and 2 at /=7 was the same that launch 2 at /=6 and 1 at [=7.
A third level evaluation resulted in a tie between the sequences 121 and 211. Instead of
going to the-fouﬁh level, for'p(")'siti'on“l =6 model 2 was choéen because the pfe\ziotis had

been a mo'del 1.
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The variation of station times in relation to the average station time can be seen

graphically.

- Figure 6.2: Distances Between X, and l-Tsl for [ Varying from 1t0o Q
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Figure 6.4: Distances Between X, and l-Ts3 for I Varying from 1 to Q

Amount of time station 3 is being used

o

1

2

3 4 5 6 7
Launch ())

[—u— *Ts3 —— X3,

8

Figure 6.5: Distances Between X, and | 'Ts , for [ Varying from 1 to Q

60

o
@
3
o 59 /
£
@
a
o 40
~ /
c
K<l .
Z" 30
7]
[ /
£ 2
°
g 10
5]
E 7
<

c T T L] T + T T T T T L]
0 1 2 3 4 5 6 7 8 9 10 11 12
Launch ()
= PTsd4 —— X4, J
4
i - ":‘.tf—ra"—"— - ~—-:-,;;"&;»‘- < e

87



6.2. Comments.
Sumichrast et al. (1992) proposed a similar heuristic for solving the sequencing
problem, which they called the Time Spread method. The difference with the method

proposed here is that instead of using average station times per unit, the proportion of

wce

I'-TT,
each station time to the total work content ( T s') is used. The goal of the Time

Spread is to level the station work loads. Compafed with other heuristics for mixed-
model in just-in-time production systems, namely the Goal-Chasing methods I and II,
Miltenburg (1989) algorithm 3 using heuristic 2 and the batch-model sequencing, the
Time Spread (TS) performs very well, being surpassed only by Miltenburg’s algorithm
for the cases when the products had a complex structure and uniform parts usage was the
oi)jective. The authors state that "if assembly efficiency, including product quality and
worker flexibility, is the objective, then the Time Spread method seems to be. slightly
preferable (in relation to the other methods tested)". The Time Spread method, on the
overall, resulted in less idle time, less number of incomplete units and in the highest
percentage of time that workers are at their home sfation.

| Neither uniform parts ‘usage nor considerations about product structure are
contemplated in a production system where the assembly line is the only point of concern
(this research is focused on the assembly line alone, i.e not being a part of a multi—leve_l
production system) and, therefore, the Time Spread method seems to be a good
seciuencing procedure for mixed-model assembly lines.
-~ - For the example, in setc_ftig_n,_S.,‘ﬁ’,.%.(t,hfc,12:_;{1_19(}91,\4 station problem), the-method -

" proposed in section 6.1 perfdrmed better than the Time Spread Method. The latter
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yielded a solution that was not the most efficient, resulting in launching of units into the
line in a batch mode. The TS method was also compared with the proposed method for
other examples (see chapter 8) and the proposed method repeatedly gave better

4

performance.

Dar-El and Cother (1975) argue that to choose arbitrary station limits and
determine the sequence that minimizes inefficiencies for these limits is not a good
procedure because, depending on the station limits, a given sequence can be;:ome
efficient or inefficient. Furthermore they argue that physical station limits and the extent
of operator movements may be difficult to define and this makes the dete_rminétion of
station limits before knowing the sequence not very realistic. They proposed a method |
that minimizes the overall line length when no operator idle time, work congestion or

work deficiency are allowed.

The sequencing procedure presented in 6.1 is not dependent on station limits and
thérefore does not attempt to minimize the inefficiencies (dcfmed in chapter 3) that
depend on station limits. Once the sequence is found it is possible to determine the
station lengths that the sequence will impose (remember that this research is focused on
continuous moving conveyor lines, where operators mhst move with t,he line and
therefore the station dimensions are important; for stationary systems or lines with buffer
. ;.‘st.orage allowed, the station limits-are not s0 relevant and are determined by restrictions

such as the reach of tools, dimension of the models to be assembled, etc.).
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The procedure should be: (1) calcﬁlate the sequence by the proposed method and
(2) for that sequence determine the station lengths. This will result in a line where neither
utility work, work congestion or work deficiency exist. Of course, if statioﬁ limits are
imposed, these inefﬁcien’cies will most probably happen and, as with the other methods
(Prenting and Thomopoulos 1974, Dar-El and Cother 1975, Macaskill 1973), the
required output may nof be achieved. However, if the product-mix and the required
outbut for the new production do not require lengths too different from the existing ones,
the line can work quite efficiently. If tﬁhis is not the case, then the line would not be able
to achieve satisfactory results. To change the time that a unit is available to an operator,
the launching interval can always be increased or decreased (for example, Buxey et al.
(1973) indicate that operators will respond to a decrease in the launching interval by
speeding up their work); also the conveyor speed can be changed to create different
station passage times. If none of these things work, then it is probably because the new
production run requires station lengths that &e substantially different from the existing

ones.

6.3, Calculation of the Optimal Fixed Launching Rate.
In order to calculate the optimal launching rate the methodology presented by
Kilbridge and Wester (1963) is extended to deal with the general case which is each

model having different service times at different workstations (technological constraints,

“ such as zoning consfréints, imposed on the problem will result in a situation such as thig, ™~ "

even if the total station workloads are perfectly balanced).
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For the sequencing pfoblem, Kilbridge and Wester conside;ed two objectives: (1)
to avoid station idleness and, (2) to avoid work congestion. Avoiding idle time will
assure that stations are always kept busy. Work congestion, as previously mentioned,
happens when the operator is forced to wa]k» past his station downstréam limit in order
to complete the assembly work on the unit. If several units with high work loads are .
successively launched into the line, the operator will be constantly working out of his
station limits and may not be able to catch up. A situation such as this can cause

interference between adjacent workers or the unit can proceed down the line incomplete.

Overlapping of stations is not allowed.

To develop a model that will permit observation, an arbitrary‘ launching of 3

~

different models is illustrated in Figure 6.6. Although this example is specific, it permits

general conclusions to be drawn. The data for this case is the following:

¥
TSU
Station 1 2 3
Model
1 3 2 1
2 3 3 2
1 2 -1 1

Suppose that Q units are to be launched.

-6.3.1. Objective I. Avoid station idlé time.

-

z

Consider the situation of the Fig. 6.6. 7, (i = 1, 2,.:., n) is the station i passage
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time. It seems evident, if work congestion is to be avoided, that the station passage time

has to be such that all units can be performed within the stations limits. Therefore the

station passage time for station i, as defined by Kilbridge and Wester, should be at least

equal to the maximum time that station i is WOrldng on a given model. 7, is also the time
separating the start of work on a given unit by station i and station i+1 (because
overlapping is not allowed). The amount of time required at station i to perform model
j (the station servjcq time) is given by TSU . |

Hence,

v = max(,),  j=12..m 6.5)

~ is the time between two consecutive launches. Let T, = be the required time to

" assemble at station i the unit launched in position [.

Figure 6.6: Arbitrary Launching of 3 Models

Legend:

Til = time to process at station i the unit launched in position 1
&
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In order to avoid station idle time at station 1, the launch of the second unit has

to be done according to

v < Ty, ‘ (6.6)

~ By the same reasoning, the third and following launches have to be such as

2’y < Tll + T12 (6.7)
. 3’Y S Tll + Tu + T13 (6-8)
Q'y S T11 + T12 + T13 + ...+ TIQ (6-9)

Therefore for Q units to be assembled the fixed launching rate v has to be

v < T, +T,+..+T,Q (6.10)

Q

If idle time is to be avoided at station 1, Eq. 6.10 is equivalent to

s1 (6.11)

where TT,; is the total assembly time required at station 1 to perform all units (this value
is known from the line balance sblution).
. If y < TT,/Q the units will be launched too soon and it will cause congestion

/' N
at station 1. Therefore the optimal value for v is

Ty ‘7 (6.12)

Q

Y =

To avoid idle time in station 2 it will be necessary to verify certain conditions.
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Let T, -y = §,. Fér the second launch it is necessary that
Y+ o+ T, STy +Ty=vy+T-v+Tp<T, +Ty
‘which is equivalent to | |
T, < Ty 6B
2y + 6, = T,; + T,,. For the third launch (1=3)
Dy + 8, + Ty < Ty + Ty + Tp =
STy 4 T+ Ty < Ty + Ty + Ty =
=Ty, + Ty < Ty + Ty, (6.14)

---------

For the [® launch (! = 1, 2,..., Q) it can be shown that to avoid idle time at

station 2,
I 11
Y Ty sy Ty : (6.15)
=2 h=1 | ’

Generalizing this reasoning for a line with n stations (i = 1,..., n) it can be

shown that to avoid idle time, each launch [ (I = 1, 2,..., Q) has to satisfy the following:

1
lY:ZTsh ,fori =1 (6.16)
. h=1
I I-1 _ '
Yr,<Y 71, fori=2..,n (6.16)
h=2 h=1 _ ,

- For example, if idle tifne; is to be avoided in the third station, the fourth launch

has to be such as Ty, + Ty + Ty < Ty + Ty + Tys.
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From the above, it can be seen that for Q launches, vy = Tg“ satisfies Eq.
6.16 and idle time at station 1 is avoided. On the other stations, idle time is not a
function of +. Then, the launching interval is only dependent on TT,; and Q . Therefore,
v is the average time per unit produced only for the first station.
N
6.3.2. Objective II. Avoid Work Congestion.

To avoid work congestion at every station a set of equations has to be derived for

each station.

Station 1
I=1: =Ty
[=2: vy+7n =T, +T,
[=3: A | 2y + 71, 2T+ Ty + Ty
I=Q: QDy+7n =T, + T+ T+ ... + Ty (6.18)
I=1: 7t =T,; + Ty
[=2: v+ t+trn=2T,+ Ty + Ty
[=3: : y+ i+ =T+ Ty + Ty + Ty
[=Q: N-)y + 7, + 1, = Ty + '].?21 + Ty + Ty + Tzé (6.19)
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1

Station n
=1 }1}72+ ot 2Ty + Ty + o+ Ty
=2: y+rn+tnt .o+ =2Ty+Ty+ ... +T, + Ty
1=3:  2y+rn 44ty 2Ty +Ty+ o+ Ty + Ty + Ty

1=Q: Q)ywyw+n+n+...+7r, 2Ty + Ty +...+T,;, + T, +
+ Ty + .+ Ty (6.20)

These equations can be written in a general form. If work congestion and the
forcing of operators out of their stations is to be avoided, each launch I (I = 1, 2,..., Q)

has to satisfy the inequality

1

» i i-1
Dy + ¥, >, + YT, .i=12..,n (6.21)
h=1 h=1 h=1

Each station will have to satisfy these conditions for each launch. It is seen that in order
to avoid station idleness and work congestion a set of inequalities has to be satisfied for
each launch and for each station. Without a computer to calculate these inequalities, the
ca}culation effort would be considerable becﬁuse even a simple problem would require

a great number of calculations. .

T The sedﬁénéiﬁg;'Séiﬁ'tion’prbposed byKﬂbndge and Wester (1963) is 4 pafticular_ ‘

case of this, which happens when each model has the same time over all stations (eaéh
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model spends an amount of time at the different stations equal to the model cycle time),

although the station times for each model vary.

The purpose of developing these equations was to prove that if idle time and work
congestion are to be avoided the fixed launching rate is only a function of the total
workload of the first station on the line.

Therefore, the optimal fixed launching rate is given by

— | : (6.22)

6.4. Determination of Station Lengths for the Given Sequence.

Particularly for a line composed of closed stations, the station length is important.
If the length is not appropriate, the operator may become idle for long periods or may
not be able to complete the work during the time the unit is within his station limits. For
open statioﬁs, because the operator is free to pass the station boundaries, idle time and
incomplete units are less probable. When possible, a line composed of open' staticms
should be chosen. This type of line will provide the maximum efficiency (Dar-El and
Cother 1975). In a continuous flow-line the extent of operator movements will determine
the required length for the station. For non-continuous lines (asynchronous systems and
synchronous systems), ,-ti}_e station length is not a point of major concern.-In such casés,,
thé station length will be déteﬁﬂined By considerations such as type of product to be

assembled - e.g. dimensions of product, required tools for the station, ergonomic and
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other technological constraints.

Previous research has indicated that it is preferable to use an early start schedule
(the operator starts to work on the first unit in the sequence as soon as it passes the
station upstream limit) rather than a late start schedule because it has the advantage of
resulting in smaller overall line lengths. For closed stations (which are the most critical
because if a unit cannot be completed within the stations limits the conveyor has to be
stopped or the unit will leave the station incomplete), an early start will allow for a
certain amount of idle time to cope with variability of task times, and therefore, seems
to be particularly useful for the type of line considered®. For a line with open stations
the choice between an early or late start does not seem to make sense, except perhaps for
the first station in the line (which is usually closed to the left), where an early start may
result in more idle time than a late start. However, as mentioned, this idle time may be
usefulbto deal with task time variability. Also it will not make much of a difference in
terms of introducmg idle time and it is likely to result in shorter overall line lengths.
" To determine the station lengths for a continuous flow line the notation presented

by Dar-El and Cother (1975) will be used. For the b‘eginning of the sequence each

This may seem a contradiction. On the one hand it is said that one of the objectives is to

minimize idle time to achieve a decrease in throughput time. On the other hand it is said that

... it would be useful to have idle time to enable-the-system to cope with task time variability._.,flg,_:
fact, it is desirable to have both things. Minimization of idle time should be built into the line
design (in the form of balanced lines), but in lines characterized by great task time variability
‘a certain amount of idle time should be allowed. This amount of idle time will be used as slack
time to permit the operator to deal with task time variability. An early start is likely to introduce
this helpful amount of slack time.
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operator will be at his station upstream boundary, ready to start work on the first unit
as soon as it enters the station limits.

Let DM(,[) be the displacemeht of operator i when starting work on the /™ unit
launched; DP(i,/) be the displacement of operator i when compieting work on the [* unit
launched; DMAX(i) be the furthest displacement of operator i in the downstream
direction; DMIN(i) be the furthest displacement of operator i in the upstream direction;
L, is the length of station i; and L is the overall line length.

For the first unit in the sequence, the operator displacement is zero, i.e. DM(i, 1)
= (. The upstream walking speed is assumed constant. The displacement of operator i

when completing work on the [® unit in the sequence is given by:
DP(,]) = DM(,)) + TSU V. (6.23)

and the displacement when starting work on the next unit (the /41 launch) is:
DM(,1+1) = DP@G,D - L, (6.24)
where L,, is the operator i upstream walking distance given by

v,s, V.V,

= = 6.2
R 2 A A (629

Note that the upstream walking distance may not be always constant. In fact, the
operator, after completing work on a unit, will walk in the upstream direction a distance
equal to w or lifntil he reaches the upstream boundary (where the upstream boundéry is
' 'cloéed) , \:Jvhiéheyervoccum:ﬁrst,"ln Iligla?tt_gr_ case, th¢~ operator will be idle waiting for‘~ '

the next unit to reach his station limits.
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The furthest displacement of operator i in the upstream direction is:

DMIN() = Min|DMG,I), I = 1,..,Q|

The furthest displacement of operator i in the downstream direction is:

DMAX(i) = Max|DP(i,l), | = 1,...,Q|
Therefore, the length of each station is given by
L, = DMAX(i) - DMIN()

and the overall line length

L=Y L

i=1

6.4.1. Station Length for Closed Stations.

(6.26)

6.27)

(6.28)

6.29)

Because the operator at the beginning of the sequence is at the station boundary

and this is the furthest displacement in the upstream direction then DMIN(@) = 0, i =

1,..., n. Therefore, the station length is given by

L, = DMAX() - DMIN() = DMAX()

6.4.2. Station Length for Open Stations.

(6.30)

In assembly lines with open stations, if the length of the conveyor between two

. adjacent_stations-is small, the stations will _ha,vea Tegion fhat is common to both. The

determination of the length for this type of stations is not so critical as for closed -

100



stations, because operators can pass their station limits to a certain extent so the work is

v

more likely to be finished.

The proposed method provides that if a model overloads a station, the next unit
to be launched will underload the station. This gives time to the operator at that station
to pass the downstream limit aﬁd finish the work on the unit that has an excess of
workload. When he starts ~working on the next unit; this unit has already entered the
station limits and is somewhere in the station; however, because this unit has a Nservice
time smaller than the previous, it is very likely that the operator will be able to finish it
within the station limits. After that he can walk in the upstream direction, maybe pass
the station upstream limit @d pick the lfext unit which will have a heavier workload. It
is likely that this unit will be finished within the station limits (or if he passes again the
downstream limit, the extent of his movement will not be excessive).

Therefore, this sequencing method is an attempt to have the units completed
within the station limits, and if this is not possible the extent of the operator movement
past his station limits will be small. For closed sta;ions, if the station passage times are
very different from the average station times (this can happen for example in cases where

the stations lengths are previously fixed), the efficiency of the line suffers a steep

decrease.

" To calculate the limits for open:stations a slight modification has to be made: in

open stations, the operator starts to work on the first unit of the sequence as soon as it
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enters the station, but the station limits are given by the DMAX(i) and DMIN(i). The |

furthest upstream displacement is still

DMIN(i) = Min|DM(i)), I=1,..Q| \ (6.31)
However, DMIN(i,1) is not zero fori = 2. Fori = 1 (the first station on the
line), DMIN(1,1) is equal to zero. This point wﬂJ be the reference to which the

displacements are measured.

The overlapping between stations i and i+1 is represented by O;;,;, where
0;;+1 = DMAX(i) - DMIN(i+1) : (6.32)

The length of the assembly line becomes

n n-1
L=) L -) 0., (6.33)
i=1 =1
6.4.3. Hybrid Stations.
The assembly line can be composed of open and closed stations mixed together
or, stations can have one of the boundaries closed and the other open. The determination

of lengths for each type of station is done by applying the equations presented in sections

6.4.1 and 6.4.2.

The calculatlon of statlon lengths can be eas11y nnplemented on a spread sheet

e i

The determination of statlon lengths by the proposed methodology Wﬂl result in no work

congestion and no work deficiency. Also a unit will not leave the station incomplete.
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Each sequence will require a particular station length, therefore, for fixed

facilities the performance of the line may be variable.

6.5. Determination of Station Lengths and Operator displacement. Example.
The example used is the one given in section 6.1.3. The stations have open
boundaries, the first station is closed to the left and no concurrent work is allowed. To

simplify the calculations V, = 1 and V, is much greater than V_. Then, for this case

Vv ‘
cfo¥ V.y =y ,because 2
V.+V, V +V

[4 [+4

~ 1 , and consequently, the upstream walking

distance L,, is numerically equal to the launching interval, i.e. L, = . Note that because
the first station is closed to the left (which means that the operator at the first station may
wait for the arrival of the next unit) and there is no concurrent work allowed (which
means that the operator will only walk a distance equal to L, if that does not result in
adjacent operators working on the same unit), thé upstream waﬁdng distance may not be
the same all the time, and different operators may walk different distances. Neveﬁheless,

whichever the case the upstream walking distance will be bounded by L,,.

Table 6.4: Operator Displacements (y = 4.583); Stations 1 & 2.

v Station 1 Station 2
1 DM(1,1) DP(1,1) DM(2,1) DP(2,1)
1 0 5.00 5.00 7.00
2 .42 4.42 4.42 12.42
3 .0 5.00 7.83 9.83
4 .42 )4.42 5.25 13.25
5 "0 5.00 8.67 10.67
6 | .42 4.42 6.08°  .14.08 "
7 0 5.00 9,50 . 11.50 :
8 | .42 5.42 6.92 - 8.92.
‘9 |- .83 4,83 4,83 12.83
10 .25 5.25 8.25 10.25
11 .67 4,67 5.67 13.76
12 .08 5.08 9.08 11.08
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Table 6.5: Operator Displacements (y = 4.583); Stations 3 & 4.

Station 3 Station 4
1 DM(3,1) DP(3,1) DM(4,1) DP(4,1)
1 7.00 11.00 ©11.00 16.00
2 12.42 16.42 16.42 21.42
3 11.83 15.83 16.83 21.83
4 13.25 17.25 17.25 22.25
5 12.67 16.67 17.67 22.67
6 14.08 18.08 i 18.08 23.08
7 13.50 17.50 18.50 23.50
8 12.92 16.92 18.92 23.92
9 12.83 16.83 19.33 24 .33
10 12.25 16.25 19.75 24 .75
11 13.67 17.67 20.17 25.17
12 13.08 17.08 20.58 25.58
DMIN(1) = 0 :
DMAX() = 542 L, = 5.42
O = 1
DMIN(2) = 4.42
DMAX(2) = 14.08 L, = 9.62
0,5 = 7.08

DMING3) = 7.00
DMAX(3) = 18.08 L, = 11.08

0,4 = 7.08

DMIN@4) = 11.00
DMAX(4) = 25.58 L, = 14.58

The line length is 25.58 meters. ...
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Figure 6.7: Operator Displacement Diagram for Stations 1 and 2
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Figure 6.8: Gantt Chart for the Scheduled Period (for Station 1 Only)
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6.6. Calculation of FLR when the Assembly Line is Composed of G Labor

Groups.
When the assembly line is composed of various labor groups, Thomopoulos

(Prenting and Thomopoulos 1974), suggests that the Fixed Launching Rate for the line

should be determined by the following procedure:

1) Consider each labor group g as an independent assembly line.
2) For the G "assembly lines" determine the optimal Fixed Launching Rate v,.
3) The Fixed Launching Rate for the entire assembly line is given by v = max

Y forg =1,2,...,G.

Previous literature has suggested that the choice of a particular criterion for the
sequence is dependent on physical, technical and ergonomic constraints of each specific
situation. For example, in lines where the station length is fixed, and production runs are
small, minimizing throughput time would seem appropriate. If the task times are greatly
variable then it may be more appropriate to allow for a certain amount of idle/slack time
that will allow the operator to cope with task time variability. Thé pr’oposed method just
tries to have each worker acéomplishing the same amount of work for the different units
launched. For situations where a particular objective is required, such as minimizing
throughput’ti'rne, it may result in a greater throughput time than what would be obtained
by a method directed towards m1mm1z1ng it. The proposéd methbd is very simple, and |

| (zié will be shown in Chapter 8) seems to give acceptable solutions. The line designer will
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have to make a trade-off between the cost of an algorithm that provides a best solution

(for the proposed objective) and the use of the proposed method, where a good solution

will be found most likely at a lesser cost.

107



7. Literature Review

The following is a review of some of the previous work in mixed-model assembly

lines.

7.1. Line Balancing.

Apparently very little has been published on line balancing for mixed-model
assémbly lines. This may be due to the fact that methods for svingle—model assembly line?
balancing may be used for the mixed-model case by the already mentioned modification.

Several methods for the line -balance of single-model lines are found in the
literature (e.g. Hegelson and Birnie 1961, Kilbridge and Wester 1961, Held, Karp and
Sharesian-1963, Tongue 1965, Mansoor 1973, We-Min Chow 1990, etc.). Among those,
there are algorithms that solve the line balance problem yielding the optimal solution,
;‘ heuristics that glve a good.splution (reaching Very often the optimal solution), and
| computer programs like COMSOAL, CALB, etc. (these computer programs often yield
the optimal solution). |

The efficiency of the balancing solution depends on the balancing method used,
and usually the optimum solutions require the most computing time (Macaskill 1972).
The use of a very sophisticated balancing method, may be costly (in terms of
computation effort) and still there is the possibility of not reaching the optimal solution
because at the line design phase, the designer has‘only an eétimation‘ of the task times
and actual times may differ from the estlmated In mamml lines it is very. hkely that these. -

times will differ. Other aspects that are not 1dent1ﬁed at this time may -also affect the line
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balancing. Kilbridge and Wester (1961) acknowledge that the solution given by the
heuristic they propose is only a guideline for the line designer and empirical

considerations may affect the line balance procedure.

7.1.1. Algorithms Seeking the Optimal Solution.

Villa (1970) extends the Gutjahr and Nemhauser algorithm (which solves the line
bzﬂancing problem as a shortest route problem) to the case of mixed-model assembiy
lines, and proposes a branch and bound method for the mixed-model line problem. This
| branch and bound algorithm is a sequential procedure because it finds the optimél
solution by considering stations one at the time. The algorithm will yield the optimal
solution if the problem has at least one feasible solution, and will indicate that there is
not a feasible solution if the problem does not have a solution. It was proved that_the
algorithm converges. Extensions for locational constraints, minimum work content
constraints and variable cycle times were also included. The assignment of tasks to
stations is such that the number of stations is the same for all models, each work element
is assigned fo exactly one station and the precedence constraints are satisfied. Integer
programming is tes‘ted with a small problem (2 models, 9 tasks). For such a problem
there were a very large number of variables and constraihts (respectively, 120 and 60).
This reveals that even for small pfoblems the formulation and optimization by linear

integer programming can be very difficult.

" The proposed branch and bound algorithim required less computational effort than

-

the Gutjahr and Nemhauser algorithm. For the branch and bound method the
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computationai results showed that the number of tasks does not have a great influence
on the computer execution time. More relevant to the execution thﬁe &as the complexity
of the precedence constraints (i.e., how tasks relate to each other)!. An increése in the
number of models seems to result in a linear increase in execution time, the same being
verified with the number of feasible assignments to the first station without considering
the cycle time. Both parameters have a-considerable influence on computation time. The
length of the assembly line seems to have a small effect on execution time. It was
suggestéd that for a problem with m models the line balance could be done by first
solving m single-model problems, and for models with less stations than the models
having the largest number of stations, the work elements should be rearranged to insure
- that all products have the same number of stations. The re@ngmg of the work elements
must be done respecting the precedence constraints. It was concluded that this approach
would require more computatioﬁal effort than the brancl/;;nd_ bound algorithm and
therefore fhe branch and bound algorithm appeared to be the best method (among those

studied) for the line balancing problem.

Deutsch (1971) also develops a branch and bound algbrithm: that solves the line
balancing problem for mixed-model assembly lines by minimizing the number of stations
and, given the obtained -number of stations minimizes the cycle time. This type of

methodology that initially minimizes the number of stations and then attempts to

e e L e

R T R

'Note that by that time computer execution time was an aspect of great concern; today, due
to great advances in computer technology, this seems less relevant.
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minimize the cycle time given that number of stations is very common and is known as
a multi-phase technique. Sneider (1980) presents a ﬁ:/e stage procedure to solve optimally
the single-model line balancing problem. The partic.ular aspect of this work is that the
method will solve the line balancihg problem by minimizing both the number of stations
and the cycle time (the majority of line balancing methods solve the problem by
minimizing just one of the two variables). The first stage bounds the problem based on
the input data. The second phase uses a heuristic that generates a good feasible sé)lution
and further bou.nds the problem. If the solution obtained in the second stage is not
optimal, a Mixed Integer Program exploits the probiem structure and the heuristic
solution. The optimal solution may be found in the second, third, fourth or in the fifth
stage if it was not previously found. This method has the advantage of a heuristic coupled
with the optimal quality of an algorithm. Although thi; work was done for single-model

problems the extension to mixed-model may be done by using task-group balancing.

7.1.2. Comments.

The optimization algorithm method presented by Villa (1970) has the apparent
advantage of not needing to know the total production requirement. Balances are achieved
based on a desired cycle time (which is the time thaé a unit is available to a workstation)
rather than on total times. Therefore the balance solution obtained will not be dependent

on production requirements but only on element times. The requirement that the number

s

of wo‘rkstations}should be the same for each model is logical, beqause if this was notthe . -

case, there would be stations that would be completély idle for some models launched
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iﬁtb the line, and the objective of 21 smooth flow would not be accomplished. The fact
that some stations are idle would contribute_to a decrease in line efficiency.
Task-group balancing is directly dependent on the quantities to be produced of
- : K
each model (remember that /TT,C = i:: g QT ejk).‘ Therefore, the assignment of tasks to
stations obtained for a given producjt;on ievel is not.necessarily the same as obtained for
a different production output (i.e. for different Q’s), even if the number of models and
the nature of the tasks is the same. When using an aggregated task inethoci, if the
production level changes it may be necessary to rebalance the line, whereas with the
Villa’s branch and bound algorithantlu/s: _theoretically does not happen. On the other hand,

Villa’s algorithm also depends on the production requirement by the fact that it is based

on the cycle time and the cycle time is dependent on production requirements.

7.1.3. Unbalancing of Production Lines.

Hillier and Boling (1979) found that when operation times are variable, the mean
rate of production of an unpaced production line with more than two stations can be
maximized if the stations workloads are appropriately unbalanced. The optimal
assignment of workloads to stations followed the "bow] phenomenon” which allécates the
greatest workloads to the first and last stations in the line and less amounts of work to
the stations in the middle. Because wofkloads are not evenly distributed over all stations
the result is an unbalanced line. The use of bowl allocation of workloads resulted in an

increase in the mean production rate over the perfectly balanced line. -
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In a simulation study to evaluate the efficiency of unbalancing production> lines
with normally distributed operation times it was verified that there is an improvement in
the efficiency of the line if finite buffer storage is used combined with an appropriate
unbalance of the line, even when a smalil variabi]ity of task times is present. By
appropriate unbalance is meant a bowl allocation of workloads where "the optimal bowl
allocation is symmetric and is relatively flat in the middle and very steep towards the f
beginning and the end of the line" (So 1989). The results of the simulation study showed
that although the improvement was generally very small, in most of the cases tested, it
was stétistically significant even for a level of significance of 95%.

In general, when the unbalance was not done in an appropriate way (did not
follow the optimal bowl allocation) a decrease in efficiency resulted. The study also
suggested that methodologies to attain perféctly balanced. lines are likely to give near

optimal performance in cases when the variability in processing times is low.

7.1.4. Comments.

Heuristic methods of line balancing seem to be an acceptable methodolpgy for line
balancing. The complexity of "real life" problems is likely to preclude the use of
algorithms . that yield perfectly optimal solutions. These algorithms are always
sophisticﬁted procedures and the complexity of some problems (e.g. great number of
restrictions) will render them inefficient. They may provide optimal solutions for

; --detennj;}istic cases, but'the same may not happen for the stochastic situation common in

T e

manual assembly lines. Because they are less sophisticated and can solve : complex
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problems, heuristic methods seem to be the best approach for solving the line balancing

problem.

7.2. Sequencing.

The sequencing problem for mixed-model assembly lines was first presented by
Kilbridge and Wester (1963). For an assembly line with a moving conveyor and non-
overlapping;tations, they suggested two approaches for the solution of the sequencing
problem, based on two model launching systems. ’i‘he criteria for finding the optimal
sequence was to minimize idle time and avoid congestion. It was assumed that the
workload of each model was evenly divided among the ‘stations; therefore the amount of
time that a given model would spend at one station would be equal to the amou‘r;t_spent
in each of the other stations. Consequently, each product will spend in each station an
amount of time equal to the cycle time for that product. However, this, ideal situation
(evenness in station workloads fo:r each model) 1s not very likely to happen in the reality.
The two launching systems were the Variablel Launching Rate (VLR) and the Fixed
Launching Rate (FLR). | |

For the conditions studied the results wefe that with VLR, units can be fed into
the line in any order and yet hof causé station idleness or congestion. Therefore, for this

launching system the sequence of products can be randomly- generated>. The

disadvantage of this system is that difficulties of integrating the assembly line with other

] > I . N : e . S T N DR o R AR
2This conclusion is only valid for the particular case studied where each model was assumed

to have the same service time over all the stations,”although the service time could differ for the

models. :
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production lines may arise. Also, it is usual in industry to schedule the delivery of
components to the lines at fixed periods of time. The use of a VLR may prevent the line
to eope with these scheduled deliveries. The work carriers (e.g., hooks) inthe moving
conveyor are usually equidistantly spaced and a vaﬂat)le launching rate would introduce
the difficulty of where to place the carriers. The fixed launching interval has the
advantage of providing a uniform rate of production and is easily adaptable to standard
industrial techniques. This type of léunching system is very appropriate when several
production lines are synchronized to feed the assembly line. However the sequence of
products has to be carefully determjned. In general, if overlapping stations is permitted |
the line efficiency will increase (provided that there is not interference between

operators).

One method for sequencing is presented by Thomopoulos (Prenting and
Thomopoulos 1974). Stations with open boundaries are considered and penalty costs for
various types of inefficiencies are included. Work performed outside predetermined
station limits is considered an inefficiency. The optimal sequence will be chosen as the
one that minimipes the cost of the inefficiencies for the assembly line. The launching
system is the t“lxed launching interval and a moving conveyor with constant speed ‘is
assumed. The method does not provide optimal solutions, but studies‘ showed that the
results are close to optimum. For a given line configuration (statlon types statlon

. lengths “station passage tlmes conveyor speed) and a glven penalty cost assomated w1th o

each inefficiency (given in cents per time unit) the resultant total inefficiency cost is
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calculated for launchjng each model (each model will result in a certain inefﬁciency time
at each étation on the line). The model that yields the least inefficiency cost is launched.
The next m'()dél to be launched is the one that results in the least inefﬁciency cost given
the previousllaunch.es. The methodology is successively applied until all Q models have
been launched.

Difficulties of this method are that it may be difficult to define the penalty costs
for the inefficiencies and also that it may difficult to define the station boundaries.
According to Dar-El (1978) "the negative aspects of this approach are that it does not
provide help for determining station lengths for a new design situation and that depending
on the station length any sequence can be made to Jook good”. Another aspect that may
be important is that for complex problems &(where the number of models and stations may
be large) the computer effort may be considerable because the inefficiency cost of
launching eaéh model remaining to be produced has to be evaluated for every station on

the line! ’

Dar-E{ and Cother (1975) argue that it is difficult to define the limits of operator
movements and this makes it difficult to calculate the inefficiencies of the line. The only
known previous method for tﬁe general mixed-model sequencing problem (Thomopoulos
heuristic®) determines the sequence that minimizes the penalty cost of inefficiencies.
However the | inefficiencies are measured and defined by the extent of operator

" ‘movernents outside his ‘workstation, and the extent of these movements is extremely

*Kilbridge and Wester method was for the mentioned particular situation.
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difficult to determim;. The arbitrary selection of station lengfhs affects directly the
generated product sequence. The authors argue that the choice of a line length (or
equivalently the choice of station lengths), because it affects the inefficiencies, can make
any sequence become efficient or inefficient. This is considered a weakness of the
Thomopoulos method.

Instead of determining the sequence that minimizes the inefficiencies, Dar-El and
Cother presented a méthod to generate the sequence that minimizes the overall assembly
line length for no operator idle time or other inefficiencies. Therefore, the method will
provide the station lengths for the required sequence and not the inverse. Two line
configurations were assumed: open stations and closed stations and the line is assumed
to be perfectly balanced. The products to be assigned to the sequence are referred as the
"pool". The lower bound for each station is calculated, and the station lengths are
initially taken as the lower bound. A heuristic method of selection, which ranks each
model in a descending order of priority, will assign a model from the pool. Successive
products from the pool are assigned until the pool is empty. Once a product is selected
for the sequence it will have to satisfy an "acceptance heuristic" which means that the
modei:chosen cannot violate the stations limits. If the limits are violated then the mddel
is returned to the pool and the next model (in- the priority, order) vis tested. If at ’s‘ome
stage no model satisfies the "acceptance heuristic", the station length limits are increased
. by equal amounts, all products are returned to» the pool and the sequencing procedure
 starts dgain. in this study it was:assumed that. ,‘the._vgperafdffﬁi@f\?es Liﬁs_ta'ri_tagIéOusly from

the position where he leaves the unit on which he was working to the position where he
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reaches the next unit. This method has some disadvantages, namely the fact that when
a product satisfying the "acceptance heuristic" cannot be found, all stations are
incremented by an equal amount and the sequencing proceduré has to start again.

The algorithm can be used for determining new sequences if small changes in the-
production requirements or in the model design occur once the assembly line is in
operation. The authors state that "idle tim¢ will be minimized- but the production
reiluirement may not be achieved although the models would be séquenced in proportion
to the demand". -

The influence on the overall assembly line of five factors was studied: (1) number
of models, (2) number of stations, (3) model cycle time deviation factor, (4) model
production requirement deviation factor, (5) and operator-time deviation factor, where
the deviation factors are respectively a measure of the variation between model cycle
times, measure of the production requirement variation and a measure of the operation
times variability. The conclusions were that the overall assembly _line lengfh is
predominantly influenced by number of models, model cycle time variation and operator-
time deviation fact<-)r. It was shown that for a given model-mix the assembly line length
decreases when better line balances are achieved. A sequence resulting in an overall line
length 10% bigger than the lower bound was considered to be good.

In order to achieve maximum line efficiency, the use of open stations and

overlapping is also suggested.

e a . . . . - P e el L

Dar-El and-Cucuy (1977) proposed a sequencing procedure for perfectly balanced
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lines. The method results in the optimal solution (minimum overall assembly line length
for no operator idle time), but would only be applicable for perfect balanced lines, which
are unlikely to occur. The authors indicate that imbzﬂance will result when technological
constraints occur (e.g. when zoning constraints pcéur - this will result in different
workloads at the stations for each model, even though the station workloads per shift may

be the same). Because of this, the method is only applicable to perfectly balanced lines.

Dar-El (1978)» defines two objectives that can be found in mixed-model
sequencing problems: (1) to find the sequence that minimizes the overall assembly line
length and (2) to find the seqilenée that minimizes throughput time, the latter being the
typical flow-shop sequencing problem. Several variations of assembly lines were sfudied.
According to the type of assembly line a different objective is suggested for the
sequencing problem. Lines where the product to lbe assembled can be moved
independently of the movement of the conveyor, i.e. Products Movable lines have the
greatest flexibility in coping with changes in production because the layout is not
dependent on the sequence. This is not the case with Product Fixed linesbwhere each time
that production char{ges it is necessary to find a new solution for the station lengths. The
author indicates that for the case of items fixed to the conveyor and many stations in the
system, minimizing throughput time and minimizing facility length are practically the

same. When the number of stations is small (4 or 5 stations) a tradeoff between the

objectives of minimizing Tacility length and minimizing throughput time needs to be

considered. For products removable from the conveyor and for stationary assembly lines

¢
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the size of the facility becomes \irrelevant and the concern should be to find the sequence
that minimize's throughput time (the ciassical flow-shop problem). In these cases if the
| launching system used is FLR the only sfation that will be fed with a constant rate of _
subassemblies is the first one and, the author states that VLR becomes the only
meaningful launching disciﬁline. |

Dar-El concludes that the greatest flexibility is achieved in 'Product Movable’
lines, because of its flexibility té cope with changes in production, since the layout will
be independent of the sequence; therefore, when changes occur the facility length is not
affected. When the product is fixed to the conveyor then stations '_should have open~
bouﬁdaries and the preferred launching is VLR. For closed stations (and products fixed
to the conveyor), the author states that "There is not evidence which launching system
is to be used. If all models are approximately well balanced over the n stations, then
there are advantages in using the VLR discipline, sinee any sequence would minimize

both the overall line length as well as the throughput time".

Bard et al. 1992, formulated analytically the sequencing problem for situations.
with several different parameters. To solve these ‘problems a relaxed linear inte“ger
programming procedure was used. The authors suggest that for the case of ‘lines with
closed stations a tradeoff exists between the length of the line and idle time. A late start

schedule will allow the operators to work continuously because "a late start indirectly

Pt

assures that a sufficient amount of work-in-process inventory is available on the conveyor =

to avoid starvation". With a late start schedule the stations are designed in such a way
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that an operator never has to wait for arrival of the next unit at the station boundary.
However, tﬁe result of using a late start is that an increase in the facility length is very

i . .
likely. An early start schedule is likely to produce smaller facility fengths but will induce
a certain amount of idle time.

For open stations the use of a late start or an early start does not seem to have
the same implications‘as for the case of closed stations. With open stations, the operator
does n;)t need to wait at the upstream boundary for the next job to arrive, and therefore
an early start will allow start of work on the first unit in the sequence immediately as this
unit enters the station. |

The study performed by these authors also suggests that when possible the
Minimam Part Set (MPS) should be used. Tﬁe ch\oice of a particular line configuration
(closed or open stations, produets fixed or removable, overlapping stations, etc.) depends
on the conditions of each particular situaotion and, therefore, the sequencing gbjective can
var;l. For example, if the size of the facility is fixed and the production runs are small
the objective for the best sequence should be to minimize throughput time; if the work
element times are characterized by high variability, then the best sequence should be the
one that maximizes idle time, or equivalently, minimizes facility length. Here it can be
seen that the authors suggest the use of slack ﬁine to reduce task time variability, similar
to Hoffman (1990).

VThe conclusions of Bard et al. study are that the use of an early start schedule rather
' "th'aﬁ a ‘l‘ate';‘start schedule eould in fact yield significant reductions in line length. The use

of open stations (rather than closed stations) results in a decrease in the throughput time.
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Open stations also reduce the overafl assembly line length, and therefore should be used
when possible. The problems tested revealed ‘that to find the sequence that minimizes line
length or to find the sequence that minimizes throughput will not result in lines

substantially different. These two measures‘ were always within 5% of each other when
the remaining parameters wvere held constant. The use of Variable Launching Rate yields
the best results with respect to overall line length, throughput time and idle tﬁne. It was
observed ’that use of VLR will decrease idle time significantly, whereas the decrease in
line leﬁgth and throughput time may not be significant.

Other papers concerning the mixed-model ;equencing problem include Macaskill
(1973), previously mentioned, who sinu.llated four different situations for a mixed-model
assembly hne of the mqving belt type with station overlap and certain products fixed.
These situations were: (1) complete sequencing of a shift with concurrent work allowed,
(2) complete sequencing of a shift but no concurrent work, (3) sequencing of a limited
number-of products in a special situation, with concurrent work allowed, @d (4) the
~same as (3) but no concurrent work. For balance purposes it was assumed that residual
work between shifts is approximately the same; however, for the simulation exact details
of location and extent of completion of each residual were required.

The sequencing method used that was basica]lyfhe same as Thomopoulos, but
included "steps to avoid build-ﬁp of a résidue of ﬁjgh penalty models that reduced
pérformance it hs Thomopoulos méthod". Ti was concluded that task-group blancing,

although it may result in uneven distribution of workloads, is an acceptable method for
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“general use in mixed-model balancing. It was verified that if concurrent work is allowed
the damaging effects of task variability can be greatly réduced, and apparently it
facilitates the generation of good sequences. It is inferred that concurrent work has

substantial advantages in assembly line operation.

Okamura and Yamashina (1979) developed a sequencing heuristic that minimizes
the risk of stopping the conveyor in a complex mixed-model assembly line under
situations of variable task times. The line was composed of closed stations. When the
work cannot be completed within the station limits, the conveyor has to be stopped due
to the high cost of incomplete items. The sequence that maximizes the distance from the

_furthest operator downstream displacement to the station downstream boundary for all
stations is the sequence that minimizes the risk of stopping the conveyor. The method
generates randomly a sequence that will be iteratively improved into an optimﬁ Or near-
optimal nsequence by inserting a product info another position and interchanging product
pairs in the éequence. ‘

According to Kao (1981), the disadvantage of this method is that, as witlh the
Thomopoulos method, any sequénce can be made to appear efficient or inefficient

depending on the choice of the station lengths.

Dar-El and Navidi (1981) applied the Dar-El and Cother sequencing method to
a problem composed of 8 different models, 50 work elements, and a required production

per shift of 17 units. The Dar-El and Cother method was extended to include cases where
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the balance may not be perfect, and this resulted in an additional station lower bound.
A scheme with multi-function workers permits reduction of the number of workers m the
line. It is suggésted that it may be beneficial to introduce buffer stocks at the stations
‘with greater task time variability. Buffer stocks will b¢ helpful to lessen the effect of task

time variability.

Wang and Wilson (1986) compared three assembly ﬁne designs with réspect to
total station idle time, incomplete units and production rate. The three designs were: (1)
a moving belt with products fixed, (2) a moving conveyor with products movable, and
(3) an accumulation convéyor with products removable. A sequencing heuristic is
proposed and a simulation study evaluates the performaﬁce of the different line designs.
Station times were assumed variable. It was concluded that the method proposed is
effective and that an accumulation conveyor with products movable improves throughput,
reduces worker idle time and utility wo;k compared to a moving belt with products fixed.
The moving belt with products fixed revealed the greatest idle time and the greatest
number bf incomplete jobs. Although the simulation was not done for an extensive

number of sequencing methods and'prbblems, the conclusions appear to be valid.
Bolat (1988), developed a metﬁod that gives the sequence which minimizes total

setup and utility work cost. A branch and bound algorithm becomes inefficient for more

than 20 jobs and therefore heiiristics wereused. T T 0 e a
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Kao (1981) modifies the Dar-El and Cother method and suggests that the splitting
of unavoidable idleness between units has potential for lowering the station lower bound
and therefore a potential to decrease line length. A new fixed launching rate that would
deal with the péssibﬂity of multiple shifts is proposed. The launching rate for mixed-
- model lines (proposed by Dar-El and Cother 1975, Thomopoulos 1967) would result in

<

incomplete jobs when the sequence determined was repeated for the next shift. The

- proposed method was shown to perform better than the Dar-El and Cother method.

Some methods d¢ai with the sequen%ing of mixed-model lines in just-in-time
“multi-level productior:‘ systems. The assembly line is the highest level of the production
system, and the detnand at the assembly line will trigger tﬁe demand on the lower levels.
In order to control production in the lower levels (i.e. to have smooth production of
components parté and sub-assemblies) an appropriate séquence' at the assembly line is
reqﬁired. |

These methods (Bancroft 1987, Monden 1983, Miltenburg 1989, Miltenburg and
Sinnamon 1989) determine the sequence that results in constant consumption of the
cdmponent parts used in the assembly line. The idea behind this is that keeping a
constant usage of component parts at the assembly line will result in smooth production

of these parts at the lower levels; there is a potential to reduce work-in-process

inventories, which is one of the goals of a JIT production system.

Sumichrast et al. (1992) statistically compared five sequencing procedures for
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mi;(ed-model assembly lines in a just-in-time multi-level production system. The
evaluation of these procedures was based on four measures of inefficiency: (1) assembly
work deficiency (which they defined as work not completed, a different deﬁnition than
the one given in this research), (2) worker idleness, (3) worker home time, and k4) mean
square deviation from linear usage of components. Workers were allowed to pass the
upstream and downstream station limits to a certaih 4extent, and concurrent work was
allowed. An overloaded worker could be helped by a worker that was under-utilized, if
the latter was not too distant.

The main objective of three of the sequencing methods compared is to determine
a sequence that results in uniform consumption of component parts. These Methods are
Toyota’s Goal Chasing methods I and II and the Miltenburg (1989) algorithm 3 using
heuristic 2. The other two sequencing methods were the traditional batch .sequencing
procedure and the Time Spread method developed by the authors. The Time Spread
method smooths the workload in each ‘station on the assembly line. The assembly line is
assumed to be balanced so that each station will be able to process the average amount
of work without the need of extra workers beyond the one assigned to the station. If
several units with excessive work content are consecutively launched, the operator will
not be able to finish the wérk within his station limits and the unit will leave the station
incomplete; or if this is to be avoided, a utility worker will be needed to help the worker

with such a unit.

The study showed that in general the batch sequencing method performed po"(')“_rly,' S

while the other methods gave good performance. Among these, the Time Spread and the
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model develg)ped by Miltenburg, appear to be the most efficient (i.e. for the efficiency
parameters considered, they produced the best results). Overall, the Time Spread method
showed best results with respect to idle time and work not completed. T-tests with a
significance level of 0.05 showed that the Time Spread was statistically better in respect
to operator home time. The authors éoncluded that the Time Spread method is slightly
preferable when the structure of the pfoduct ié not considered and when assembly
efficiency (such as idle time and wérk not complet;ad) is the main objective. The
Miltenburg method is preferabl¢ when upiform parts consumption is to be achieved.
Therefore, for a multi-level production system the Miltenburg algorithm seems
preferable, particularly wheﬁ the structure of the product is comblex, whereas in a
ass&nbly line where the levels:an’d product structure are not directly of concern, the

Time Spread seems more appropriate.
-

~ 4

It is not unusual to find in the industry assembly lines where th;a sequencing of
units into the line is done without applying any mathematical algorithm. Empirical
considerations may influence the selection of models to be launched. The procedure often
used is to space the models at fixed intefvals. As an example, if the total daily production
is of one hundred.units, and there are 10 units of model A, 20 units of B, etc., then
every tenth unit will be a model B, every fifth unit will be a B, and so on.

7.21. Comments.™

Goals such as leveling the station workloads, reducing setups, maintaining a
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constant usage of components, minimizing penalty costs, and minimizing inefficiencies

have been considered in this literature review; however, other objectives for the

e ¢

sequencing (such as maximiiing the product variety, etc.) may need to be considered.
To minimize the setup cost in a mixed-model line does not make too much sense. A
mixed-model line is typicaqu a production system where line changeovers are not
important, or at least not a major point of concern. Therefore, minimizing changeover
costs is not likely to be an option in such production lines. If changeovers are in fact
important, then the line will no longer be a mixed-model line; it will become a batch-
model line. In these lines changeovers are aspects that need to be considered and

sequencing methods can be obtained that aim to minimize changeover costs.

7.3.  The Minimum Part Set (MPS).

When it is possible to partition the total production requirements into identical
smaller requirements over several schedules, the result will be that each schedule is much
more‘manageable'because the problems are reduced to a practical size which facilitates
thé calculations, and the efficiency of the assembly line will increase (Prenting and
Thomopoulos 1974, Bard et al. 1992). Thomopoulos (Prenting and Thomopoulos 1974)
showed thaf if partifidns of the total part set are used, the inefficiency costs will
decrease. The different partition sizes studied ranged from 100 to 1. It was observed that

the inefficiency costs decreased until a partition size of 10. Smaller partition sizes

"resulted in an increase in the inefﬁciency‘ costs. McConmck 6t"al. (1989 - réferred in "

Bard et al. 1992), showed that the use of partitioned schedules-rather than the total
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production requirement enables line operation to be achieved more quickly. Bard et al.
(1992), state that: "previous research (Prenting and Thomopoulos 1970, Dar-El and
Cotter 1975) have suggested that when heuristic methods are used the results obtained

with the use of partitioned schedules are far better than the ones achieved with use of the

full part set".

In the automobile industry, for example, it is not unusual to have a number of
different models that can be as high as 3000 or 4000, and required daily production of
1000 units (Monden 1983). In such cases it would be desirable to partition the daily
production in a more manageable number of units. If a cyclic pattern could be found,
then instead of having to schedule a significant number of units the calculations would
. be confined to a more manageable number. Once the best solution_for the MPS has been
found, it will l)e cyclicly applied to the following set of units until the total production -

requirement is achieved.

7.4. Summary.

. Previous research suggests that for the type of systems considered in this thesis
(manual mixed-model ‘assembly flow lines, continuous conveyor, products fixed to the
conveyor and no buffer storage), there are advantages in using: (1) an early start,

Abecause it w1]l better handle the vanablllty in task time (early start allows for a certain

. athount of "slack trme"), (2) concurrent work and multl-functlon workers because it

allows a decrease in idle time and throughput time, (3) open stations because they may
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reduce the facility size and throughput time, and (4) the fixed launching rate because it
allows a better integration of other lines into the assembly line. In some occasions it may
- be beneficial to introduce buffer stocks - in a continuous flow-line this may be done by
increasing the distance between two consecutive stations. If possible, a line where
Products Movable are allowed should be used, because the layout will not be dependent
on the sequence.

When appliczible, the‘Minimurr‘l Part Set should be used. Savings in calculations
effort are likely to be achieved and previous research indicates that heuristic sequencing
methods yield best results with partitions than with the total set part.

It seems to be a consensus that because mixed-model problems are likely to result
ina large number of variables and cons'trajnts, the solution derived from an eptimization
algorithm is only poésible at the expense of a large number of computations and
considerable memory requirements. Heuristics methods (for the line balancing and
sequencing problems) are fast and can solve large problems and seem to be the best
option over all. However with the development in high speed computers, algorithms that
were formerly put aside bécause they were slow and required heavy computer effort are
more feasible. On tﬁe other hand, several factofs, such as variability in task times,

inappropriate sequence of models, size and complexity of real problems may lessen the

. quality of the solution obtained through sophisticated optimization methods. In the case

of heuristics, it may not be possible to tell how far from the Opthﬁality"'is“the"'i‘ésﬁl.ta;ﬁ{..":‘—'; o

solution.
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It is therefore questionable if the price paid for a sopilisticated procedure that
~ theoretically yields an optimal solution (and in practice may prove to be other than the
optimal solution) is really a good option. The use of heuristic methods has proven to
perform very well (Macaskill 1972 and 1973, Prenting and Thomopoulos 1970) and is

less costly and less.complicated than using sophisticated methods.
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8. Comparative Analysis of Sequencing Methods and Line Balance Solutions

I

This chapter is dedicated to a comparison between the method proposed in section
6.1 and several other methods for the sequencing problem. A comparison between
. several solutions for line balancing and the use of different launching rates is @)

discussed.

8.1. Comparative Analysis for Different Line Balancing Solutions.

To compare different solutions for the line balancing problem the example
presented in section 5.3.1.1 is used. The three balance solutions are given by: (1) the
Largest Set Rule method, (2) the R.P.W. method, and (3) a bow] allocation of workloads

to stations.

The bbwl allocation was used to investigate if the conclusions drawn by Hillier

and Bolling (1979) and So (1989) for unpaced lines could be extended to the case of

~ paced lines (which is the type of line considered in this thesis). Recall (section 7.1.2) that
the mentionéd authors verified that when operation times are vgriable, an appropriate
l{t}balance of the line' and the use of finite buffer stocks could resﬁlt in an improvement

of the mean rate of production over a perfectly balanced line. A manual assembly line

G ST et

"Where appropriate unbalance means to use a bowl allocation of workloads to the stations.
This means that the stations on the extremes of the line will receive a heavier workload than the
stations in the middle; the optimal bow1 allocation would be, according to So (1989), "symmetnc.
and relatively flat in the middle steep towards the end of the line".
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s, as a]ieady mentioned, characterized by variability in the'task times. Therefore, in
order to investigate if the output of an unbalanced manual mixed-model assembly line
could be improved over the output of a balanced line, a bowl allocation of workloads to
stations was used (see Figure §8.1). Note that for the example given it was not possible

to achieve a perfect balance.

Figure 8.1: Assignment of Elements to Stations for the Bowl Allocation.
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8.1.1. Model Parameters.
Different launching rates were used in order to evaluate how the line would be

affected by them. These launching rates included: (1) variable launching rate, (2) FLR

TT.| . ‘ ,
0 , i=1,..,n, (3) FLR calculated by the

proposed by Kao (1980), where y = max(

method presented in.section 6.3, i.e. y = o
. o “n
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Z Qj ch
FLR calculated by the Kilbridge and Wester (1963) method, i.e. vxay ==

’

. . Q
where T, i is the cycle time for each model (the maximum station service time for each
TT -T
model), and (6) FLR given by y = %2.

The evaluation parameters were overall idle time, throughput time (defined as the
time at which the operator at the last workstation finishes work on the last unit), line

length, and number of incomplete items at the last station.

In order to maximize the efficiency of the line, open stations were assumed;
however, concurrent work was not permifted (it was assumed that worker i+1 could only
start work in unit / if the operator i had finished work on this unit). If concufrent work
had been allowed, the result would most probably have been a decrease in throughput
time. Because the upstream walking speed is usually much greatef than the conveyor
speed, it was assumed that the repositioning time can be neglected and therefore the
6perator’s upstream walking d_istancé is L, = Vyy. V., was taken as equal to 1 and‘
therefore L, = +y. The first station was assumed closed to the left.

The line balance solutioné are given in Tables 8.1, 8.2 and 8.3.

The application of the proposed sequencing method to three different solutions

resulted in the same sequence {1 212121121 2 1}. The results of the study are

% single'shift is to be scheduled, i.e. after the launch of the Q‘h unit, there will be nothing
else to be launched, then Eq. 6.12 would result in this launching rate (Tq is the time required -
at station 1 to assemble the unit launched at position /=Q).
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presented in appendix A.1.

Overall, it was observed that the 5 launching rate produced the worst results of
all, except for the line length that was the smallest. These results may be easily
~understood if we remember that the Kilbﬁdge and Wester method i8 for the particular
case mentioned in section 6.3, and for situations that deviate from that case it may not

performed very well (as it was observed here).

It was observed that the idle time increased with ah increase in the launching rate.
An increase ‘in the launching interval also resulted in smaller line lengths. ’fhis was
already expected, bécause it is intuitive that a greaterllaunching interval will increase idle
time - the operators will be able more often to finish their work before the arrival of tl;e
next unit and will need to wait for the next unit to arrive. A smaller line length results-
because the operators in these conditions will more often start to work on the arriving
unifs in a position that is closest to the station upstream limit; this way the displacement
in the flow direction will be smaller. However the effect of greater launching intervals
is to increase throughput time. The greatest launching intervals were given by the

Kilbridge and Wester launching rate, which achieved the poorest results of all.

Table 8.1: Line Balancing Solution for the Largest Set Rule

Station Station time (Tg) s
i T )
1 55 ) 5 4
2 54 2 8
3 48 4 4
4 60 5 5
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Table 8.2: Line Balancing Solution for the R.P.W.

Statlon - Station time (T,) s
i o 1 7] 2 e
1 56 3 7
2 58 4 6
3 60 5 5
4 43 4 3
S.I. = 17.6; d = 9.6%
}Table 8.3: Line Balancing Solution for the Bowl Allocation
Station Station time (T ) T,
i 1 b 2
1 56 3 7
2 53 4 5
3 48 4 4
4 60 5 5

wc

Among the fixed launching rates the best results were obtained withy =

Qxn
and y = —2. Those two achieved the lowest throughput times, less idle time and
, - TT : IT, .
smaller overall line lengths. y = —*< performed slightly better than y = in

Qxn

TT
relation to idle time and throughput time, however y = —=' resulted in smaller line
lengths (exactly the opposite of what happened in another problem tested).

However, differences in throughput and idle time resulting from the use of

sl wce

T ,
instead of y = 0 were insignificant, whereas the differences in line
XA

‘Y:

fength were not so insignificant. Therefore, and because the results are almost the same

sl

the use of y = for the launching rate is suggested.

For the line conﬁgurat}ion considered, the Variable Launchin'guilz“ité bérforméd

better in all the evaluation parameters, i.e. achieved smaller throughput time, less idle
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time, smaller line len'gth and smaller number of incomplete units at the last staﬁbn_. It
seems that in a line with open stations, if possible, the VLR should be the preferred
launching system.

Among the three line balance solutions, the bowl allocation showed the best

performance, although the difference was not very significant.

A scheme with closed stations (appendix A.2) was evaluated and again the bowl

allocation performed the best among the three balance solutions. In this case the

. - TIT
launching interval calculated by y = —Q—Sl yielded the best results for throughput time,
= 4

the best results for idle time being obtained by the use of y = 22’; Dar-El (1978)
stated that for a line composed of closed stations, if the models were well balanced over
the stations, a variable launching interval would be more-appropriate; if not, it was not
evident which of the launching systems would be best. For the three balancing solutions,
where the balance delay could be considered acceptab1¢ (d=9.6%), the VLR did not-
achieve the bést results; it was preferable to use a fixed launching interval. It was also

verified that the effect of closed stations is to increase the line length, this confirming

what Dar-El (1978) had found.

The example used here seems to prove that an appropriate unbalance will in fact
increase the mean throughput rate (Because it will decrease the throughput time) and, -
therefore- the conclusions drawn by Hillier and Boling (1979) and So (1989) may be

extended to a manual assembly line working under paced conditions. Although the
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difference relative to the other two methods was not considerable, the bowl allocation
showed an increase in the throughput time. If the results of this study can be generalized,
it is possible to conclude that the appropriate unbalance of an assembly line will result
in bette;' performance (smaller throughput time, smaller number of incomplete units and
smaller line length) over the balanced line. Note that the unbalanced soiﬁtion did not
always result in less idle time (it did for the RPW solution but not for the Largest Set
Rule Solution). This is easily comprehensible; the line balance has the purpose of
minimizing idle time, and therefore it is natural to expect that a nonbalanced line should

result in an amount of idle time greater than the balanced solution.

Using the workload allocation given by the Largest Set Rule method, and ‘
considering the optimgl Fixed Launching Rate system, the proposed sequencing method
was compared with the Kilbridge and Wester (1963) and Time Spread sequencing
methods. The proposed method showed better results than the other two, the worst
results being given by the K&W method. This was probably due to the fact that the
K&W method uses a different launching interval, and the solution provided by this
method is based on that interval. In order to compare the three methods against the same
reference, a new comparison was done. This time the launching interval used was
calculated by the Kilbridge and Wester method. Again the proposed method performed
better but now the K&W performed better than the TS - this can probably by explamed

by the fact that the TS results ina batch sequencmg for this example
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8.2. Comparative Analysis of Sequencing Methods and Interpretation of the
Results.

To evaluate the proposed sequencing method, an example presented by Bard et'
al. (1992), for which the optimal solution is known, was used. An early start schedule
was assumed. The proposed method, the optimal solutibn, the TS method and the K&W
method were cémpared. Again it should be mentioned that the K&W method is based on
the K&W launching interval and therefore, the basis for comparison may not be the
same. Trying to compensate for this aspect, the K&W method was also used witﬁ the
same launching interval as the other three methods. Line configurations with open and
closed stations were studied.

The optimal sequence that minimizes throughput time resulted 1n ‘the same as the
optimal sequence that minimizes line length for the case of open stations. For closed
stations the optimal sequence that minimized throughput time was different than the
optimal sequence that minimized line length. The objective of the proposed method and
of the TS method is not directly to minimize throughput time and/or line length and is .
not affected by the station type. The Kilbridge and Wester method is also not directly
dependent on station lengths however, it assumes that stations are open to the right
(because work congestion is allowed). The proposed method and the Time Sprgad will
provide a solution that is independent of the station type. Again concurrent work was not
allowéd. The data used for this comparison is given in Table 8.4.

i
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Table 8.4: Data for the Test Problem (Q, = 5, Q, = 3, Q; = 2)

Station Station time (Ty)

SU
i 1 2 3
1 58 4 8 7
2 65 6 9 =4
3 70 8 6 6
4 51 4 7 5

Total work content = 244

In order to compare the results obtained against the same conditions, the

launching interval was the same as that used to obtain the optimal solution given by Bard

) TT,
etal,ie vy = £ =61 «6.
Qxn

8.2.1 Open Stations
The results obtained for a line composed of open stations are shown in Tables 8.5

through 8.7.

Table 8.5: Sequence Solution for the Different Methods

Optimal Solution Proposed Method Time Spread K&Ww
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Table 8.6: Results Obtained with the Different Methods

Idle Time | Throughput Time| Line Length
Optimal Solution 33 g 87 34
Proposed Method 32 89 36
Time Spread 37 90 36
K&W vy = 6 27 93 40
v = 8.80 64 99 30

m

(1) calculated by

As can be seen, the proposed method is the closest to the optimal value for
throughput time and achieves a line length close to the optimal value.
Using the optimal sequence (for ¥y = 6) and the proposed method, a new

TT
launching interval was calculated (given by y = T“). The results were:

- T,
Table 8.7: Results Obtained for y = 0

Idle Time | Throughput Time| Line Length

Optimal Solution 30.6 86.4 35

Proposed Method |  30.2 88.8 37.4

The 't‘l_lrgug_yput and idle time decreased with the use of this launching interval

.
? RN T C R DT R s ez T v
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8.2.2. Closed Stations.

The optimal solution for closed stations depended on the objective, as seen in

Table 8.8:

Table 8.8: Optimal Solution for the Different Objectives.

Minimize Throughput Time Minimize Line Length
2 2
3 1
1 1
1 3
2 1
3 2
1 1
1 3
2 1
1 2

Table 8.9: Results Obtained with the Different Methods

Idle Time | Throughput Time| Line Length

Optimal Sol.® 24 (24) 95 (96) 43 (42)
Proposed Method 24 95 43
Time Spread 27 106 52
K&W v =6 108 102 ' 32
v = 8.8 24 101 48

(2) the values X are for the éequence that minimizes
throughput time; the values (X) are for the solution that
minimizes line length.

, |
The conclusions that can be drawn from these comparisons are that the proposed
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method performed better than the TS and the K&W fnethods. Independently of the
objective considered, the proposed method yielded results within 2% of the optimum
throughput time and within 5% for the optimum li;xe length. Those values seem perfectly
acceptable fer a method that does not seek the optimum. Remember that Dar-El (1978)
and Bard et al. (1992) refer that it is practically the same to minimize line le‘ngth or
throughput time (this is, particularly true when the number of stations is large). The
proposed method, although not aiming directly to minimize these two parameters,. is
likely to provide soiutions thaf are acceptably close to the optimum. The optimal solution
may be‘impossible to reach by branch and boUnd algorithms or other type of methods
seeking the optimum for large problems (which is the common situatioe in industry). The
proposed method will also not give the optimum solution, but it is much simpler to apply
and computation effort is smaller when compared with methods seeking the true optimal

solution. The results demonstrate that the quality of the solution obtained by the proposed

" method is acceptable.

T,

0

As expected, open stations provided better results than closed stations (i.e. smaller

It was also seen that the launching interval should be the one givenby y =

throughput time, less idle time, smaller line length, and also fewer incomplete items).
If concurrent work had been allowed, the result would be an increase in line
- performance. The example tested showed that for closed statiens, the best performance

is achieved with a fixed launching interval. In a line with open stations the best

performance is achieved with a variable la&lehmg Enfewdjzmaﬂy, the bowl allocation

showed an improvenient in the“throughput time over the balanced line.
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9, Cénclusions and Suggestions for Further Research

9.1. Conclusions.

The following conclusions are drawn from this study of mixed-model assembly

lines:

1.) Heuristics are still the best option for solving the line balancing and
sequencing problems of mixed-model assembly lines. The size and complexity of the
problems found in industry precludes the efficient use of algorithms that seek the optimal
solution. These algorithms are usually sophisticated and the restrictions imposed on the

problems may restrict their use.

_ 2.) Heuristics available to solve the line balance of single-model lines can be
extended to deal with the mixed-model assembly line. The use of task-group balancing
will result in efficient solutions. Unevenness in assignments (models having different
service times across the workstations) that may result from the task-group balancing
(allocate work elements using total time per scheduled period) will have a harmless
effect, provided that the ‘sequence is carefully determined. Inappropriate sequences will

significantly degrade the performance of the line. )

3.) Heuristic methods also seem better than optimum-seeking algorithms to solve

the sequencing problem. In general the solution obtained by such methods will be .
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acceptable. Sequencing methods, in general, have a particular objective that depends on
the line configuration, constraints imposed on the problem, etc. When possible, the most
flexible line configuration should be chosen, i.e. open stations, concurrent work allowed,
cross-training of operators, etc. As a general rule, the more flexible the assemblg\line,
the better will be the assembly efficiency (less idle time, shorter throughput timé, shoﬁer

line length, etc.).

4.) Open stations provide the best results for moving conveyor lines. If possible
a variable launching interval should be used. For closed stations a fixed launching
interval is preferred. In open stations greater launching intervals seem to decrease the

line length but will increase idle time and throughput time.

5.) The evaluation study showed that the proposed method for solving the
sequencing problem seems to be efficient and that the solution will be acceptably cloée
to the optimal solution. The proposed method selects models to be launched at the
position [ in the sequence (=1, 2,..., Q) according to the following procedure: for each
model remaining to be launched the difference is calculated between the average time to
perform [ units (/ -Tsi) and the actual time to perform Zunits (Xi ) at station i (i=1, 2,...,

| n). This difference is calculated for all workstations in the line, and the differences. are
added. The model selected to be launched at position  is the one that;r‘esults in the least
sum of the mentioned differences. In the examples tested the throughput time was within

2% of the optimum throughput time and line length was within 5% of the optimum line
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length. These values séem perfectly acceptable. This method can be easily implemented
in a computer and should solve complex problems without major difficulties.

6.) The e_xamples tested indicated that a bowl allocation of workloads to st;tiqns
(thus creating an unbalanced line) will result in a slight improvement in the throughput
rate over balanced mixed-model assembly ﬁ;les. Therefore, an appropriate unbalance of
the paced Iiné will improve throughput over the balanced 1in¢. The same result was

verified for an unbalanced and unpaced line.

7.) The use of the Mihimum Part Set (MPS), which means a partition-of the total
production requirement into several smaller schedules seems to facilitate calculations,
decrease inefficiencies and achieve faster line operation. When heuristic methods are
used, the results obtained with the use of partitions of the total part set are better than

the ones achieved with use of the total part set.

9.2. Suggestions for Further Research.

This study focused on paced manual assembly lines and in the comparison
evaluation many simpliﬁcationé were assumed. One of the simplifications was the use of
deterministic task times. However, deterministic times are almost impossible to achieve
in systems where human work is involved. Stochastic task times should be used in order
to verify the validity of the conplusions obtained for deterministic times.

The proposed method for sequencing units onto the line needs to be extensively
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tested. A simulation study, involving a considerable number of test problems, should be
done in order to effectively validate the method (or perhaps discredit it). Because this
method only depends on average station times, for cases where the’st‘—ations lengths are
fixed, and station passage times are very different from the average station times, the
performance of the method may suffer. This aspect should be investigated.

. The comparison study revealed that for a line composed of closed stations, the
best launching system is to use a fixed launching interval. Dar-El (1978) stated that when
models are approximately well balanced over the workstations, the best launching system
is the VLR. The case studied in this thesis showed that for an acceptable balance delay
the best solution was to use the FLR. Thus we have a contradiction, and a more thorough
study of éhis aspect should be done. Particularly several line balances with different
values for balahce delay should be inv;:stigated.

The study showed that a bowl allocation of workloads resulted in a decrease in
throughput time (for the problem tested). However, this decrease was not considerable,
and therefore, it is questionable whether the effort to find the optimal bowl allocation
should be taken, or if it is just better to balance the line. A simulation of unbalanced
lines, using a significant number! of test problems, should be carried out to confirm that
this allocation will result in an improvement in throughput, and whether this
improvement justifies the bowl allocation. The effect of stochastic task .times on the

unbalance of the line should also be analyzed.

When the Minimum Part Set is being used, an effective method of dealing with
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the incomplete items should be devised. When the first set of products is finished, a
residue of units may have been left. These will need to be completed in the next run or
shift. What steps should be taken to minimize the possibility of residuals? A possible

objective for a sequencing method could be to minimize the residuals.

Another aspect that may be interesting to explore is for what degree of
dissimilarity (bétween the models assigned to the same assembly line) the line becomes

inefficient; in short, how the line efficiency depends on the similarity index.

This research did not consider the assembly line as being part of a multi-level
| production system. Unbalancing the assembly line will certainly affect the other
production levels. For a multi-level, just-in—tiine production system, unbalancing the
assembly line may prove to be harmful for the précedent levels. This aspect may be of

some interest.

Due to advances in computer technology, methods that seek the optimal solution
(in line Balancing as well as in sequencing) are more likely to be used today than they
were at the time that the majority of the studies in mixed-model asseinbly lines were
performed. A cost/effort comparison between heuristic methods and optimization methods

may be of interest.
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Results for the application of different launching intervals to example presented
in chapter 5. The sequencing method used was the one proposed in chapter 6, and the
obtained sequence was {12 121211212 1}. Line composed of open stations. The
last column (Incomp) refers to the number of units that will be incomplete in the last
station (because the shift finished). The number X is the time at which the operator at

Appendix A.1

the last station would finish the first incomplete unit.

Largest Set Rule Solution

Idle Time  Throughput Line Incomp
(min) (min) (m) ‘
VLR 19.0 76.0 21.0 - 4 (61)
y - maxlly g 30.0 76.0 21.0° 4 (61)
Q
y = T _4.58 20.5 76.0 25.6 4 (61)
Q
y = e _45 19.4 76.0 26.3 4 (61)
Q.
Yxaw=6.25 81.3 88.5 21.0 5 (62.3)
y = %H"I_TI_I =4.55 19.8 76.0 26.0 4 (61)
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RPW Solution

Idle Time Throughput Line Imtomp
| (min) (min) (m)
VLR 27.0 75.0 21.0 3 (65)
Tl TR 38.0 77.0 22.0 4 (61)
Q
y = T _4.67 33.7 76.7 25.3 4 (60.7)
Q
y = M 452 - 33.1 76.5 26.8 4 (60.5)
Qxn
Yraw=6.25 88.0 89.5 21.0 5 (63.25)
v = Talu _4 9 35.0 76.8 238 4(60.8)
Q-1
Bowl Allocation
Idle Time Throughput Line Incomp
(min) (min) - (m)
VLR 20.0 74.0 21.0 3 (64)
y - Tty s 34.0 76.0 21.0 4 (61)
Q
y = T 467 26.7 75.7 24.3 4 (60.7)
Q
y = e _45 26.1 75.5 25.8 4 (60.5)
- Qxn ,
Yraw=6.25 84.0 88.5 21.0 5 (62.25)
y = T Ty 4 29.5 75.8 21.0 4 (60.8)
Q-1
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Appendix A.2

N

. Results for the application of different launching intervals to example g)resented
in chapter 5. The sequencing method used was the one proposed in chapter 6, and the
obtained sequence was {1212 1211212 1}. Line composed of closed stations. The
last column (Incomp) refers to the number of units that will be incomplete in the last
station (because the shift finished). The number X is the time at which the operator at
the last station would finish the first incomplete unit. '

Largest Set Rule Solution

Idle Time Throughput Line Incomp

(min) (min) (m)
. VLR . 9.0 79.0 29.0 4 (64
Yy = T =4.58 9.6 79.1 28.7 4 (64.1)
Q
Yy = T, =4.52 8.4 79.4 29.7 4 (64.4)
Qxn : ‘
Yraw=0.25 75.8 90.8 22.0 5(65.7)
RPW Solution
Idle Time Throughput Line Incomp
(min) (min) (m)
VLR 14.0 81.0 29.0 5 (62)
y = T =4.67 14.7 80.3 29.0 5(61.7)
Q
Ty 12.8 8.7 32.9 6 (60)
Qxn ' ,
Yeaw=06.25 74.8 90.8 22.0 5 (65.8)
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-

Bowl Allocation

Idle Time Throughput Line Incomp
(min) (min) (m)

VLR 13.0 80.0 29.0 4 (65)
TT.

y = — =467 11.7 71.3 26.0 4 (62.3)
Q .
T

¥y = Toe =4.52 8.5 78.3 28.6 4 (63.3)
Qxn

Yraw=0.25 74.8 89.8 21.0 5 (64.8)
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