Mw MANUFACTURING & SERVICE
(O OPERATIONS MANAGEMENT
Vol. 9, No. 1, Winter 2007, pp. 62-83

1SN 1523-4614 | E15SN 1526-5498 | 07 | 0901 | 0062

[lorms})

po110.1287 /msom.1060.0118
©2007 INFORMS

Performance Evaluation of an Automatic Transfer
Line with WIP Scrapping During Long Failures

George Liberopoulos, George Kozanidis

Department of Mechanical and Industrial Engineering, University of Thessaly, 38334 Volos, Greece
{glib@uth.gr, gkoz@uth.gr}

Panagiotis Tsarouhas

Department of Electronics, Technological Education Institute of Lamia,
35100 Lamia, Greece, ptsarouh@teilam.gr

e develop a model of a failure-prone, bufferless, paced, automatic transfer line in which material flows

through a number of workstations in series, receiving continuous processing along each workstation.
When a workstation fails, it stops operating, and so do all the other workstations upstream of it. The quality of
the material trapped in the stopped workstations deteriorates with time. If this material remains immobilized
beyond a certain critical time, its quality becomes unacceptable and it must be scrapped. We develop analytical
expressions for important system performance measures for two cases. In the first case, the in-process material
has no memory of the quality deterioration that it experienced during previous stoppages, whereas in the
second case it has. In both cases, we assume that the workstation uptimes and downtimes follow memoryless
distributions. We use the analytical expressions to numerically study the effect of system parameters on system
performance. To evaluate the memoryless assumption, we compare the performance of the original model to
that of a modified model in which the workstation downtimes do not follow memoryless distributions. The
performance of the modified model is obtained via simulation.
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1. Introduction

A traditional, widespread way of organizing high-
volume, low-variety production is the manufactur-
ing flow line, production line, or transfer line. Transfer
lines require all material to visit workstations in the
same sequence, thus simplifying material handling.
Transfer lines are common in both discrete-parts and
continuous-processing manufacturing. Discrete-parts
manufacturing is characterized by individual parts
that are clearly distinguishable and is often encoun-
tered in the industries of computer and electronic
products, electrical equipment and appliances, trans-
port equipment, machinery, fabricated metal, wood,
furniture products, etc. Process industries, on the
other hand, operate on material that is continually
flowing, as is the case with petroleum and coal
products, metallurgical products, nonmetallic mineral
products (e.g., ceramics, glass, and cement), basic
chemicals, food and beverage products, paper prod-
ucts, etc.
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Mass production of discrete parts shares many
of the characteristics of the process industries. Con-
versely, sometimes in process industries, fluids are
processed in distinct batches that can be viewed as
discrete parts. Generally, process industries are cap-
ital intensive and are concerned with capacity. With
increasing production volume, it becomes economi-
cally attractive to automate individual workstations,
integrate them into one system by a common auto-
mated transfer mechanism and a common control
system, and link them with synchronized material
movement so they can begin their tasks simultane-
ously. Transfer lines with these characteristics are
often referred to as synchronized or paced automatic
transfer lines.

The literature on transfer lines is vast. The earli-
est papers on transfer lines appeared in the 1950s
and ’60s. Notable examples of such research are
Vladzievskii (1950-1951), Koenigsberg (1959), Zim-
mern (1956), Sevastyanov (1962), Freeman (1967),
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and Buzacott (1967). Much of the research on trans-
fer lines that was done until the mid-90s can be
found in the review papers by Dallery and Gershwin
(1992) and Papadopoulos and Heavey (1996) and the
books by Askin and Standridge (1993), Buzacott and
Shanthikumar (1993), Gershwin (1994), and Altiok
(1996).

Most of this work and the work that followed it
dealt with the influence of buffer stock between work-
stations and the development of exact and approxi-
mate analytical methods for evaluating system perfor-
mance, particularly throughput or production capacity.
Inserting buffers in a low- to medium-speed trans-
fer line can be very effective for increasing the actual
production capacity of the line, because the buffers
absorb some of the downtime of the failed worksta-
tions. An important issue that arises in designing such
a line is where to insert the buffers and how big to
make them to maximize the actual production capac-
ity of the line. This issue is often referred to in the
literature as the buffer allocation problem.

The research around this problem is very active
even today. Some recent references on this topic are
Helber (2000), Spinellis and Papadopoulos (2000),
Papadopoulos and Vidalis (2001), Sorensen and
Janssens (2001), Tolio et al. (2002), Shi and Men (2003),
Tempelmeier (2003), Daskalaki and Smith (2004), Dia-
mantidis and Papadopoulos (2004), Colledani et al.
(2005), Enginarlar et al. (2005), Helber (2005), and Van
Vuuren et al. (2005). Although inserting buffers in a
low- to medium-speed transfer line can be benefi-
cial, placing buffers in a high-speed line is impracti-
cal, because buffers can hold only a relatively small
amount of material. Hence, they get full quickly, caus-
ing the entire line upstream of a failed workstation to
stop within a short period of time, as if there were no
buffers between the workstations. Moreover, in many
high-speed lines, especially in the process industries,
it may not be possible to store in-process material,
because buffers may hurt the quality of the mate-
rial by allowing it to deteriorate over time, as we
will see below. For these reasons, high-speed lines
generally do not have buffers between workstations,
as is mentioned in Dogan and Altiok (1998); there
are exceptions, however, such as the one reported in
Liberopoulos and Tsarouhas (2002).

When an unexpected failure occurs in a bufferless
line, the failed workstation stops and forces the part
of the line upstream of the failure to go on standby
mode, i.e., operate at a minimum level without trans-
ferring material. This causes a gap in production
downstream. Because a workstation on standby mode
is for the most part operating, except that material
movement has stopped, it may fail itself.

To better see how a stopped workstation can fail,
think of a failure that has occurred downstream of a
furnace. The material movement in the furnace has
stopped because of the failure, but the furnace itself
has not been shut down, so it can fail itself. Under
these conditions, it is reasonable to assume that the
times between failures of the workstations are time
dependent and not operation dependent.

Moreover, in many industries, when a failure takes
place, the quality of the material that is trapped in
the stopped section of the line deteriorates with time.
If this material remains immobilized beyond a cer-
tain critical time, its quality becomes unacceptable
and it must be scrapped. Besides the havoc that this
will bring about, it will also create a significant addi-
tional gap in production upstream of the interruption.
As a result, the actual output rate of the line can be
substantially lower than its nominal production rate.
The costs associated with the drop in output and the
scrapping of material can be significant, especially if
the scrapped material is not reusable.

We first encountered the problem of scrapping
work in process (WIP) during long failures in auto-
matic transfer lines producing bread and bakery prod-
ucts. The most important type of quality deterioration
in such products is the rise of the dough in the stages
before baking. In a study of an automated pizza trans-
fer line, we found that the effective input rate of the line
was equal to 95.45% of its nominal production rate,
because of the unavailability of the system during fail-
ures (Liberopoulos and Tsarouhas 2005). Yet, because
of the scrapping of material during long failures, the
effective output rate of the line dropped to only 90.43%
of its nominal production rate.

In other words, approximately half of the 10% drop
in efficiency of the line was due to the gap in pro-
duction caused by failures, while the other half was
due to the gap caused by scrapping of material dur-
ing long failures. In another study of a croissant
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transfer line, our analysis showed that the effect of
scrapping was less severe, because the dough used in
croissants can remain immobilized for twice as long
as the dough used in pizzas without having to be
scrapped, because different types of yeast are utilized
in the two products (Liberopoulos and Tsarouhas
2002). We subsequently became aware that the prob-
lem of scrapping during long failures is encountered
in the production of many other products in the food
industry, where certain processes (e.g., pasteurization,
fermentation, proofing, carbonation, etc.) must be per-
formed in a timely and carefully controlled manner,
and disruptions in the production process may cause
severe quality deterioration.

In fact, there is a plethora of manufacturing pro-
cesses where material is scrapped because its physical
and/or chemical characteristics fall out of specifi-
cations during a stoppage. A typical type of qual-
ity deterioration is material solidification. A plant
manager in a large metallurgical products industry
reported a severe scrapping problem in the rolling
process of his plant, where hot ingots are rolled
into intermediate shapes, such as blooms, billets, and
slabs, which are further rolled into plates, sheets, bar
stock, structural shapes, or foils. If there is a failure
somewhere in the plastic deformation process (e.g.,
a hot billet is blocked in a rolling mill), the material
that is trapped upstream of the failure stops moving.
If the failure lasts long enough, the trapped material
solidifies and has to be scrapped.

A similar problem occurs in the thermosetting plas-
tics industry. There, when a failure takes place in the
molding phase (e.g., the mold starts to leak), the pro-
cess upstream of the failure freezes, and the mate-
rial in the die starts being polymerized or cured,
which means that it solidifies. If the failure lasts
long enough, the trapped material must be scraped
because the polymerization process is irreversible.
This phenomenon, where interruptions in one station
cause state changes and quality problems in the WIP
upstream of the stopped station, is also addressed by
Lee and Allwood (2003) in the context of temperature-
dependent processes, such as aluminum extrusion.

Another common cause of quality deterioration is
the extensive exposure of material to certain environ-
ments (e.g., heat, humidity, acidity, etc.). For instance,
in the process described above of rolling ingots, the

ingots trapped in the furnace upstream of the plas-
tic deformation process may have to be scrapped
because of overheating.

Katok et al. (1999) report a similar situation in alu-
minum can transfer lines. In the washing stage of such
lines, the cans are cleaned with acids in a washer to
remove all the cooling fluids and lubricants that were
used during the preceding cup- and body-pressing
stages. If the cans remain trapped in the washer for
too long because of a failure further downstream,
they are overexposed to the acids in the washer. This
affects their surface and consequently the quality of
the graphics applied by the printer. If the damage is
severe, the cans must be “canned.”

In push-pull strip pickling lines in the iron, steel,
and aluminum industries, the material trapped in the
rinsing section may have to be scrapped, because strip
staining may occur during long standstill times. In
the production of machine-made glass tableware (e.g.,
beverage glasses), a mixture of raw material, which
is referred to as glass batch, is fed into a storage
bin and then melted in a furnace. Molten glass is
drawn from the furnace and delivered to molding
and forming equipment, where the glass is progres-
sively formed into finished tableware, heat treated,
and cooled. The mixed-batch storage bin may show
dramatic signs of quality deterioration, called seg-
regation (e.g., visual blemishes or residual stresses,
seeds and blisters, and composition shifts), which
increase in magnitude when the batching process is
suspended for a period. In picture tube manufactur-
ing, the aluminizing rail process is extremely precise
and should not be interrupted. When an aluminizing
conductor system goes down for a certain amount of
time, the product on the loop during the aluminizing
process becomes damaged and must be scrapped.

There are countless other examples of manufactur-
ing processes where WIP may be damaged and may
have to be scrapped because of long stoppages, so
the problem is crucial from a manufacturing systems
practitioner’s point of view. Yet, to the best of our
knowledge, the problem has not been studied from a
manufacturing systems engineering perspective, per-
haps because most of the research effort in this area
has been directed toward discrete-parts manufactur-
ing, where the problem of WIP scrapping during long



Liberopoulos et al.: Performance Evaluation of an Automatic Transfer Line

Manufacturing & Service Operations Management 9(1), pp. 62-83, ©2007 INFORMS 65

failures is less severe than in automated continuous
and semicontinuous processes.

There are a few works that explicitly consider
scrapping of parts when a workstation on a transfer
line fails. Okamura and Yamashina (1977) consider a
two-workstation model in which when a workstation
fails, the part in it is scrapped. Shanthikumar and Tien
(1983) analyze a synchronous two-workstation trans-
fer line with geometrically distributed uptimes and
downtimes in which, when a workstation fails, the
part in it is scrapped with a certain fixed probabil-
ity. Jafari and Shanthikumar (1987) extend this anal-
ysis to a synchronous transfer line with more than
two workstations and present an approximation tech-
nique to determine production rates and buffer lev-
els. This model is also briefly discussed in Buzacott
and Shanthikumar (1993, Chapter 6.5.2). Altiok (1996,
Chapter 5.2) considers a two-workstation line with
no intermediate buffer. Each workstation can accom-
modate one part. When a workstation fails, the part
in it is scrapped as soon as the workstation becomes
operative. Dogan and Altiok (1998) consider a phar-
maceutical transfer line with several workstations in
series connected with conveyor segments and circular
buffers with limited bank capacity in between work-
stations. Each workstation can accommodate one part.
When a workstation fails, the part in it is scrapped.

Apart from the above works on the relationship
between scrapping and productivity, some work has
been recently reported in the remotely related area
of quality and productivity (Kim and Gershwin 2005)
and in the more closely related area of rework/scrap
and productivity. More specifically, Pourbabai (1990)
describes a model with more than two workstations
and nonzero buffers but assumes that if a blockage
occurs, the trapped parts are scrapped. Yu and Bricker
(1993) consider scrapping and/or rework for multi-
stage systems with unlimited buffer capacity. Gopalan
and Kannan (1994) present a two-workstation, zero-
buffer model in which bad parts can be reworked or
scrapped. Rework starts immediately at the worksta-
tion where the bad part is produced. Helber (2000)
considers a transfer line in which a fixed percentage of
the parts processed at some stations in the line may be
scrapped or reworked at dedicated machines to meet
product quality requirements. Reworked parts are not

sent back into the main line. Li (2004) presents an
overlapping decomposition method to approximate
the throughput of production systems with rework
loops but no scrapping.

In all the above works, wherever scrapping is
involved, it is assumed that when a failure occurs at
a workstation, a single part—the one that is on the
workstation—is either always scrapped or is scrapped
with a given probability, independently of the failure
time.

In this paper, we address the issue of scrapping
WIP material during long failures in bufferless, paced,
automatic transfer lines. We consider a model of a
transfer line in which material flows through differ-
ent workstations in series where it receives contin-
uous processing. No storage buffers are allowed in
between the workstations. When a workstation fails,
it stops operating, and so do all its upstream work-
stations. The quality of the material that is trapped
in the stopped workstations deteriorates with time. If
this material remains still in the same place for a long
enough time, its quality becomes unacceptable and it
must be scrapped.

The maximum-allowable standstill time of material
in any workstation depends on the workstation. If
this time is zero, then the material must be immedi-
ately scrapped. If it is infinite, then there is no qual-
ity deterioration and no material is ever scrapped.
If the maximum-allowable standstill time is neither
zero nor infinite, there are two cases to consider. In
the first case, the quality deterioration during a stop-
page caused by a failure is fully recoverable, so that
when the workstation starts operating after the fail-
ure is repaired, the material in it—assuming that it
has not been scrapped—is as good as new. In other
words, the material has no memory of the damage
done to it during previous stoppages. In the second
case, the deterioration is cumulative, so that when
the workstation starts operating again, the remaining
maximum-allowable standstill time of the material in
it—assuming that it has not been scrapped—is less
than before the stoppage. In other words, the material
has memory of the damage done to it during previous
stoppages.

In practice, the second case is encountered much
more often than the first. All the examples of man-
ufacturing processes with material damaged during
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stoppages discussed earlier in this section belong to
the second case.

To see how the first case would come about, think
of a deformable material that starts stretching when
a stoppage occurs. If the stoppage is not too long, the
material will be elastically deformed during the stop-
page, so that after the stoppage it will return to its
original shape and have no memory of the deforma-
tion that it went through during the stoppage. If the
stoppage is long enough, however, the material will
stretch so much during the stoppage that it will be
plastically deformed, so that after the stoppage it will
not return to its original shape; therefore, it will no
longer be acceptable and will have to be scrapped.

It is worth noting that in some cases it may be
possible to install a “strip” or evacuation segment
immediately following a potentially damaging work-
station. Such a segment is dedicated to emptying the
workstation at the end of the shift or if a down-
stream workstation fails. This evacuation segment is
not a throughput buffer, but a quality buffer reserved
for emptying the potentially destructive station. For
example, oven stations in the paint shops of automo-
tive assembly lines virtually always have evacuation
segments immediately downstream. Because these
evacuation segments can accommodate the maximum
number of jobs in the potentially destructive station,
they virtually eliminate the risk of damaging WIP due
to blocking.

Of course, if the product deteriorates with time
(instead of the actions or environment of the work-
station), as in the food processing examples, then
evacuation segments have little benefit. However, for
the example of washing aluminum cans, evacuation
segments could dramatically reduce the risk of mass
scrapping due to machine failures elsewhere on the
line. In this paper, we do not consider evacuation
buffers.

The rest of this paper is organized as follows. In
§2, we develop analytical expressions for key perfor-
mance measures for the two cases discussed above,
i.e., for the cases where material either has or does not
have memory of the damage during previous stop-
pages, under the assumption that the uptimes and
downtimes of the workstations are geometrically dis-
tributed. In §3, we use these expressions to study the
effects of system parameters on system performance.

To evaluate the geometric distribution assumptions,
in §4 we obtain simulation-based results for the same
transfer line, under the assumption that the uptimes
of the workstations are not geometrically distributed.
We then compare these results with the exact results
that are obtained under the geometric distribution
assumptions. Finally, we conclude in §5.

2. Transfer Line Analysis

Consider an automatic transfer line consisting of M
workstations in series with no buffers between the
workstations. Material flows from outside the system
to workstation 1, to workstation 2, ..., to workstation
M, and then out of the system. Once material enters a
workstation, it flows at a constant speed through the
workstation, where it receives continuous processing,
and then exits the workstation.

Time and space are discretized; specifically, the
length of each workstation is broken into a number
of discrete positions. Let N; denote the number of dis-
crete positions of workstation i. Material is also bro-
ken into discrete parts so that each position in each
workstation can accommodate one part. Thus, at each
workstation i, a part moves from outside the work-
station to position 1, to position 2, ..., to position N;,
and then out of the workstation. The transfer line is
paced so that all the workstation positions have equal
and constant processing times. Time is scaled so that
the processing time of every part in every position of
every workstation is one time period. This period is
sometimes referred to as a cycle in the literature. The
nominal production rate of the line is the inverse of the
cycle, which, in our case, is equal to one part per time
period. An inexhaustible supply of raw parts is avail-
able upstream of the first workstation, and an unlim-
ited storage area is present downstream of the last
workstation. A schematic representation of the line is
shown in Figure 1.

Workstations are subject to random failures; there-
fore, at any time, a workstation is either up or down.
A workstation is blocked if one or more of its down-
stream workstations are down. This means that a
workstation is stopped if it is either down or blocked,
and it is operating if it is up and not blocked. Failures
are time dependent. This means that a workstation
may fail even when it is blocked. At each worksta-
tion, the times between failures, or uptimes, and the
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Figure 1 Schematic Representation of a Transfer Line with |/ Workstations
Workstation 1 ‘Workstation i Workstation M
12 N 12 o j N Ny

times to repair, or downtimes, are ii.d. random vari-
ables with geometric distributions.

Let p; denote the probability that workstation i will
be down in period t, given that it is up in period ¢ —1.
Let r; denote the probability that workstation i will be
up in period ¢, given that it is down in period t —1.
The availability or efficiency “in isolation” of a work-
station is the percentage of time that the workstation
is up. Let ¢; denote the efficiency in isolation of work-
station i. It is easy to see that

7

M.

fori=1,..., (1)

7

T+ pi

i =

The “system” availability or efficiency of a worksta-
tion is the percentage of time that the workstation
is operating (up and not blocked). Let E{ denote the
system efficiency of workstation i. It is easy to see
that

M
=[]e, fori=1,..., M. )
k=i
Let p? be the probability that workstation i will be
stopped in period t, given that it is operating in
period t — 1. It is easy to see that p? is equal to one
minus the probability that none of the workstations
from i to M will fail in period ¢, given that they are
all up in period t —1; that is,
M
pi=1-T](1-py), fori=1,..., M. 3)
k=i
Let ! be the probability that workstation i will be
operating in period ¢, given that it is stopped in
period t — 1. Then, EY can be expressed in terms of p¢
and ¢ as
Ef =

: fori=1,..., M,

i’

r—i—p

from which it follows that
d

1— Ed’

_pz fori:],...,M, (4)

where Ef and p¢ can be computed from (2) and (3),
respectively.

When a workstation is stopped, the parts in it
remain still. When a part is still, its quality deteri-
orates with time. If a part remains still in the same
place for a long enough time, its quality becomes
unacceptable and it must be scrapped.

In what follows, we will consider two cases of qual-
ity deterioration. In the first case, we assume that
parts have no memory of the damage done to them
during previous stoppages. In the second case, we
assume that parts have memory of the damage done
to them during previous stoppages of the worksta-
tion that they are in. Next, we analyze these two cases
separately.

2.1. Case 1: Material with No Memory of Damage
During Previous Stoppages

In case 1, we assume that if a part remains still in
the same position of a workstation for more than a
fixed maximum-allowable standstill time associated
with this workstation, it must be scrapped. If a part
“survives” a stoppage at a particular position of a
workstation, however, its quality condition after the
stoppage is “as good as new.” This means that it
can remain still in the next position without having
to be scrapped for up to the same fixed maximum-
allowable standstill time. In other words, the material
has no memory of the damage done to it during pre-
vious stoppages.

For this case, let n; denote the fixed maximum-
allowable standstill time of a part in any position of
workstation i. Let R; denote the time that it takes for
workstation i to start operating once it is stopped; i.e.,
R; is the stoppage time of workstation i. It is easy
to see that R; is geometrically distributed with mean
1/rd. The probability that any part in any position
of workstation i will not be scrapped, given that the
workstation is stopped, is given by

PR <7’l d)tfl d

Z(l rf=1-(1-r)",

fori=1,..., M.

®)



Liberopoulos et al.: Performance Evaluation of an Automatic Transfer Line

68 Manufacturing & Service Operations Management 9(1), pp. 62-83, ©2007 INFORMS

Note that the extreme values of n; are zero and infin-
ity. If n; =0, any stoppage of workstation i imme-
diately causes severe quality deterioration to all the
parts in it; therefore, all parts in workstation i are
immediately scrapped on stoppage of the worksta-
tion. If n; = oo, on the other hand, no stoppage of
workstation i ever causes any damage to any of the
parts in it; therefore, no part in workstation i is ever
scrapped from the workstation. Our model includes
both these situations as special cases.

Now let us follow a part from the moment it moves
to a particular position of a workstation, say work-
station i, at the beginning of period ¢, which implies
that workstation i is operating at the beginning of
period t. The time that the part spends in this posi-
tion is one time period of processing plus an extra
waiting time. This extra time is zero if the worksta-
tion keeps operating after one time period, i.e., at the
beginning of period t+1. If the workstation is stopped
at the beginning of period t + 1, however, then the
extra waiting time of the part depends on whether the
stoppage time of workstation is greater than n;. More
specifically, if the time that workstation i is stopped
is strictly greater than n;, the part waits for n; time
periods and then is scrapped, because its quality has
become unacceptable. If the stoppage time of work-
station i is smaller than or equal to #;, on the other
hand, then the part waits on average for E[R; | R; <]
time periods and then moves on to the next position.
The conditional expected time E[R; | R; <n;] is given
by

1 tP{R; =t}

P{R; = n;}

1 (1 —rdym
= -n,—,
rd T — (1 —rtyn
fori=1,...,M, (6)

_ Z?;l 1 —rf)rf

E[R;[R; =n;] = 1—(1—riym

where, in the above expression, we have substituted
P{R; <n;} from (5).

Let I; denote the conditional expected time that a
part spends in any position of workstation i, given
that it has moved into this position. Then, in view of
our discussion above, J; is given by

l; = 1+ p!(E[R; | R, < m]P{R; < n;} + n;P(R; > n,})

1 (1 —rdyn
=1+ (= —-p—— 17
+p’((r,»d n’l—(l—r?)”f)

A== =)

d
1+ Ba-a-ry, fori=1,.,M, (@)
Ti

where, in the above expression, we have substituted
P{R; < n;} from (5) and E[R; | R; < n,] from (6).

Let g; denote the conditional probability that a part
will not be scrapped from a particular position of
workstation i, given that it has entered this position.
This probability is given by

g =1=p{ +p!P{R; <n)=1—p{ +p/(1 -1 ~r)")
=1-pfA-rly", fori=1,..., M, 8)

where, in the above expression, we have substituted
P{R; < n;} from (5).

Let g; ; denote the conditional probability that a
part will enter position j of workstation i, given that it
has entered workstation i. This probability is given by

g,,=q", fori=1,...,M,j=1,...,N. (9

Let [; ; denote the conditional expected time that a
part spends in position j of workstation i, given that
it has entered workstation i. Then, [; ; is given by

7 i,j
_ _ 741
=L, =Lq

fori=1,...,M,j=1,...,N;, (10)

where, in the above expression, we have substituted
q;,; from (9).

Let L, denote the conditional expected flow time of
a part at workstation i, given that it has entered this
workstation. It is easy to see that

N; N; . 1_qu
L= Zli,j :le’q{_l =l—,
j=1 j=1 IT—yg;
fori=1,...,M, (11)

where, in the above expression, we have substituted
l;,; from (10).

Let Q; denote the conditional probability that a part
will move from workstation i (or from outside the
system, if i = 0) to workstation i 41 (or out of the sys-
tem, if i = M), given that it has entered workstation i.
In other words, Q; is the yield of workstation i. It is
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easy to see that

Q=1 and QiquN", fori=1,..., M.

Let Q; denote the unconditional probability that a
part will move from workstation i (or from outside
the system, if i =0) to workstation i+ 1 (or out of the
system, if i = M), given that it has entered the system.
In other words, Q; is the yield of the section of the
line that includes workstations 1 through i. It is easy
to see that

Q\i:an, fori=0,..., M. (12)
k=0

Let L; denote the unconditional expected flow time
of a part at workstation i. It is easy to see that

L,=LQ,,, fori=1,..., M. (13)

Finally, let Loy denote the total unconditional
expected flow time of a part in the line. Then,

M
Lror = Z L;. (14)
i=1

The input rate of a workstation is the average
number of parts that enter the workstation per time
period. The output rate of a workstation is the aver-
age number of good parts that exit the workstation
per time period. The scrap rate of a workstation is
the average number of bad parts that are scrapped
from the workstation per time period. Let I; denote
the input rate, let O; denote the output rate, and let
S; denote the scrap rate of workstation i. It is easy to
see that the input rate of workstation 1 is equal to the
nominal production rate of the line multiplied by the
efficiency of workstation 1. Because the nominal pro-
duction rate is assumed to be equal to one, the input
rate of workstation 1 is simply equal to its efficiency,

that is,
I, =E. (15)

It is also easy to see that

L =0,,, fori=2,...,M, (16)
0,=1Q, fori=1,...,M, (17)
S=1(1-Q,), fori=1,..., M. (18)

From (12) and (15)—(18), it follows that
L= Ef@i—l/

Oi = Ef Q\i/

Si= Eféi—l(l -Q)= Ef(@i—l - Qi)/ fori=1,..., M.

fori=1,..., M, (19)
fori=1,..., M, (20)

Note that the effective throughput or production
capacity of the entire line is the output rate of the last
workstation, that is,

OM = Ef@M! (21)

where E{ is the efficiency of workstation 1 and Qu is
the yield of the entire line.

Let S, denote the scrap rate of the line segment that
includes workstations 1 to i, that is,

§i:ZSk:EfZ(Q\k—1 _Q\k)zEf(l_Qi)‘ (22)

k=1 k=1

Then that scrap rate of the entire line is given by
Swu=E{(1-Qu). (23)

Let B; denote the average number of parts in work-
station i. Then, from Little’s law, B; is given by

B;=ILL,=E'L,Q, , =E'L;,, fori=1,...,M. (24)

Finally, let By denote the average number of parts
in the entire line. Then,

M
Bror = Z B;. (25)

i=1

In our analysis above and in the rest of the paper,
we have assumed that whenever a part is blocked
during n; time units, it is damaged and immediately
leaves the transfer line. Other plausible assumptions
are that damaged parts leave the system when exiting
a workstation or when exiting the line. Such assump-
tions would lead to different expressions for the total
unconditional expected flow time of a part in the
line, Lor, and the average number of parts in the
entire line, Bror; however, they would not change
the expression for the most important performance
measure, which is the yield at the end of the line, @ M-
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2.2. Case 2: Material with Memory of Damage
During Previous Stoppages Within Each
Workstation

In case 2, we assume that a part has memory of
the damage done to it during all the previous stop-
pages of the workstation that hosts it. More specifi-
cally, the maximum-allowable standstill time of any
part in any position of any workstation is equal to
the initial maximum-allowable standstill time asso-
ciated with this workstation minus the cumulative
standstill time of this part in all the preceding posi-
tions of the workstation, where the initial maximum-
allowable standstill time is the maximum-allowable
standstill time of the part when it enters the work-
station. If the part “survives” all the stoppages at a
workstation, however, its quality condition after exit-
ing this workstation is “as good as new.” This means
that it can remain still in the next workstation for
up to the initial maximum-allowable standstill time
associated with that workstation without having to be
scrapped.

The justification for this assumption is that in many
real-life manufacturing processes, the causes of qual-
ity deterioration during a stoppage differ from one
workstation to another. For instance, the cause of
quality deterioration may be overheating in one work-
station, excessive exposure to a solvent in another, too
much humidity in a third, and so on. This means that
if a part has survived the threat to its quality in one
workstation, when it enters the next workstation, it is
as good as new as far as the threat to its quality in the
latter workstation is concerned. However, we can eas-
ily extend our analysis to the situation where material
has memory of the damage it experiences throughout
more than one workstation.

As in case 1, let n; denote the initial maximum-
allowable standstill time of a part in workstation i,
and let R; denote the time it takes for workstation i
to start operating once it is stopped. Note that, as in
case 1, the extreme values of n; are zero and infin-
ity, and that R; is geometrically distributed with mean
1/r8.

Initially, let us assume that the issue of quality dete-
rioration during a stoppage does not exist; therefore,
a part may never be scrapped from workstation i. Let
W, ; denote the time that workstation i is stopped,
from the moment that a part enters position j of

workstation i until it exits this position. Clearly,

0, with probability (1 —p¢),
W, = (26)
R;, with probability p?.

Let S; ; denote the cumulative time that worksta-
tion i is stopped from the moment that a part enters
position 1 of workstation i until it exits position j of
workstation i, that is,

j
Si,i= > W, k. (27)
k=1

We are interested in finding the probability distri-
bution of S; ;, i.e,, P{S; j=k}, k=0,1,.... First of all,

it is easy to see that
P{Sz}jZO}:(l_P?)jr
fori=1,...,M, j=1,...,N;. (28)

To find P{S;; = k}, for k > 0, let us follow a part
from the moment it enters position 1 of workstation i
until it exits position j of the same workstation. Con-
sider the event that, in its trajectory from position 1
to position j, the part does not stop in m out of the j
positions and stops in the remaining j — m positions,
and the total time that the part is stopped is k, where
k > 0. The probability of this event is

(k —1)!
(G—m—1)l(k—j+m)!
(L= YUy, (29)

]' _ A\ (4,d\j—m
—m!(j—m)!(l pi)" (pi)

In the above expression, the first term, [j!/(m! -
(G — mH(A —pH)y™(p?)—™, is the probability that the
part does not stop in m positions and stops in the
remaining j — m positions, which is given by the
probability function of the binomial distribution. The
second term, [(k — 1)!I/((j — m — DIk —j + m)1)] -
(1 — rd)k=G=m(yd)i=m is the probability that the time
until the (j — m)th resumption of operation of work-
station i following a stoppage is equal to k, which
is given by the probability function of the Pascal or
negative binomial distribution. For a definition of the
binomial and the negative binomial distributions, see
any introductory book on probability, such as Hines
and Montgomery (1990). Note that if k > j, then m can
take any value from 0 to j —1, whereas if k < j, then m
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can take any value from j—k to j —1. In other words,
m can take any value from max(0, j — k) to j —1. With
this in mind, the desired probability, P{S; ; = k} for
k >0, is the sum of the probabilities given by expres-
sion (29) over all possible values of m; that is,

PIS, ;=K
j= )
_ I
m:maxX(:J,j—k) ml(j —m)!
(k—1)!
G—m—D)k—j+m)
fori=1,...,M,j=1,...,N;, k=1,2,.... (30)

—_

(L=p)y iy ™"

(1= =0y,

Now let us bring back into the foreground our
original assumption that a part is scrapped from
workstation i if its cumulative standstill time in this
workstation is greater than n;. The analysis that is
needed to compute the conditional expected flow time
of a part at workstation 7, L;, is similar to the analysis
carried out in the no memory case in §2.1. The only
difference is that each time a part enters a new posi-
tion j of workstation i, where j =2, ..., N;, its remain-
ing maximum-allowable standstill time is n; — §; ;
instead of n;, which was the situation in the no mem-
ory case, except when j =1, where the two cases are
identical. With this in mind, let /; ; be defined as in the
no memory case. For j =1, the remaining maximum-
allowable standstill time of the part is n;, as in the
no memory case; therefore, /; ; is given by the same
expression as that derived for I; in the no memory
case, i.e., expression (7). Hence,

d
Ly=1+ ’:—;(1 —(@—rhy), fori=1,...,M. (31)
1
For j=2,...,N, let I, ; , denote the conditional
expected time that a part spends in position j of work-
station i, given that it has entered workstation i and
that the cumulative stoppage time until it enters posi-
tion jis k, ie., S; ;. =k. Then, [; ;  is given by

pt
1+r—;(1—(1—rf)"f’k),
lijx= fori=1,...,M,j=2,...,N, k<n,

0, fork>n,,
(32)

where the above expression is the same as (7) except
that we have replaced n; by n; —k. Then, I; ;, for j =
2,..., N, is given by

Y

li,j = Zli,j,kP{Si,j—l :k}

k=0
n; p,_j
_3 (1 +Za-a- rﬁ)"f-k>>P{si, L=k,
k=0 i
fori=1,...,M,j=2,...,N;, (33)

where, in the above expression, we have substituted
li;r from (32), and P{S;; = k} can be computed
from (30).

Let L; be defined as in the no memory case. It is
easy to see that

N;

LiZZli,jI

j=1

fori=1,..., M, (34)

where [; ; is given by (33).
Finally, let Q; be defined as in the no memory case.
It is easy to see that

Q=1 and Q;=P{S;\, =m}=) P{S y =k},
k=0
fori=1,..., M.

The rest of the analysis is identical to the analysis of
the no memory case. In other words, Equations (12)-
(25), which were derived for the no memory case, also
hold for the memory case.

3. Effect of Parameters

In this section, we use the expressions that we devel-
oped in §2 to investigate how the system parame-
ters, p;, 1, and n;, i=1,..., M, affect the system’s
performance. The system performance measures that
are of particular interest are (a) the system efficiency
of workstation 1, Ef, which from (15) is equal to the
input rate capacity of the line, I;; (b) the yield of
the line, Q v, which, when multiplied with Ef, gives
the output rate capacity of the line, O,, (see Equation
(21)); and (c) the scrap rate of the line, Sy. A perfor-
mance measure of less importance is the total uncon-
ditional expected flow time, Lror- Finally, the average
number of parts in the entire line, By, is perhaps the
least significant performance measure.
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To explore the effect of system parameters on the
above system performance measures, we carried out a
numerical study of an instance of a bufferless, paced,
automatic transfer line with M = 6 identical worksta-
tions with parameters: N; =10, p; =0.1, r; = 0.8, and
n; =10, i=1,..., M. We refer to this system as the
“nominal” system. For the nominal system, we var-
ied parameter p; from 0.04 to 0.16 in steps of 0.02
and parameter 7; from 0.3 to 0.9, in steps of 0.1, for
one workstation i at a time, fori=1, ..., M. We also
varied parameter n; from 1 to 25 in steps of one, for
all workstations at the same time. In all our tests,
we observed the system’s performance measures, for
cases of both material with and without memory of
the damage during a stoppage. The results are plotted
in Figures 2-18.

From Figures 2-18, we can observe how the sys-
tem parameters p;, #;, and n; affect the system’s
performance. First, let us look at p;. As p, increases,
workstation i fails more frequently; therefore, it and
the entire section of the line upstream stop more fre-
quently. This causes a drop in the efficiency of work-
stations 1,...,i and hence in the input rate capac-
ity of the system, E{ (Figure 2). The increase in the
frequency of stoppages also raises the frequency of
repairs, because every stoppage is followed by a
repair of the failed workstation. As the frequency of
repairs increases, statistically the number of down-
times in any time interval increases. This raises the
probability that at least one of the downtimes will
exceed the maximum-allowable standstill time of one
of the stopped workstations. Naturally, this causes a
decrease in the yield of the stopped section of the line.

Figure 2 Input Rate Capacity of the Line, £¢, vs. Failure Probability of
Workstation /, p;, for i =1,..., M, for Both the No Memory
and Memory Cases
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Figure 3 Yield of the Line, §M, vs. Failure Probability of Worksta-
tion/, p;, fori=1,..., M, for the No Memory Case
0.995
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Eventually, it also decreases the yield of the entire
line, Q,, (Figures 3 and 4), as well as the average num-
ber of parts in the entire line, By, although this is
not shown here for space considerations.

The effect of p; on the scrap rate of the entire line,
§M, and on the total unconditional expected flow time,
Lror, is somewhat less straightforward. First, let us
look at S,,. From Equation (23), Sy is equal to the
product E{(1— Q,1)- As was mentioned above, as p;
increases, the input rate capacity of the system (effec-
tive availability of workstation 1), E{, and the yield
(proportion of good parts) of the entire line, Qum
decrease, which means that the proportion of bad
parts, 1 — QM, increases. Therefore, as p; increases,
Sy tends to both decrease (as E{ decreases and
fewer parts enter the system) and increase (because
1 — Q,, increases and a larger proportion of the
parts that enter the system are scrapped) at the
same time. Which of the two tendencies predom-
inates depends on whether the “decrease-of-input-
rate-capacity” effect or the “decrease-of-yield” effect

Figure 4 Yield of the Line, ﬁM, vs. Failure Probability of Worksta-
tion/, p;, fori=1,..., M, for the Memory Case
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Figure 5 Scrap Rate of the Line, §M, vs. Failure Probability of Work- Figure 7 Total Unconditional Expected Flow Time, ZTUT, vs. Failure
station /, p;, fori=1,..., M, for the No Memory Case Probability of Workstation /, p;, for i =1,..., M, for the No
Memory Case
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is stronger. In the transfer line instance that we stud-
ied, the decrease-of-yield effect seems to predominate
in both the no memory case and the memory case;
hence, as p; increases, the scrap rate of the entire line,
Sy, increases (Figure 5 and Figure 6). It is worth men-
tioning, however, that we have constructed counter-
instances where the decrease-of-input-rate-capacity
effect predominates, so as p; increases, the scrap rate
of the entire line, §M, decreases.

Now, let us look at L;o;. As was mentioned above,
an increase in p; raises the frequency of stoppages and
causes a decrease in the input rate capacity of the sys-
tem. This raise causes the parts that are trapped in the
stopped section of the line to spend more time in the
line, and this increases i'TOT' On the other hand, as
was also mentioned above, an increase in p; reduces
the probability that a part will exit from the stopped
section of the line, and this decreases Lyop. In other
words, as p; increases, i‘TOT tends to both increase and
decrease at the same time, as was the case with §M.
Which of the two tendencies predominates depends

Figure 6 Scrap Rate of the Line, §,V,, vs. Failure Probability of Work-

station /, p;, for i =1,..., M, for the Memory Case
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on whether the decrease-of-input-rate-capacity effect
or the decrease-of-yield effect is stronger. In the trans-
fer line instance that we studied, the decrease-of-
input-rate-capacity effect seems to predominate in
the no memory case, because, as p; increases, ﬁTOT
increases (Figure 7).

In the memory case, on the other hand, the de-
crease-of-yield effect predominates, because, as p;
increases, ﬁror decreases (Figure 8). This is natu-
ral, because in the memory case, scrapping is more
intense than in the no memory case. In fact, the differ-
ence in scrapping rates between the no memory and
memory cases becomes evident when one compares
the range of values of Q,, for the two cases. Namely,
Q,s ranges approximately between 96% and 99% in
the no memory case (Figure 3) and between 16% and
54% in the memory case (Figure 4). Of course, this
example is rather extreme, because a 16% line yield
would not be acceptable in most real manufacturing
systems. It was used on purpose to emphasize the dif-
ference between the two cases. An example with more

Total Unconditional Expected Flow Time, L, vs. Failure
Probability of Workstation /, p,, for i =1,..., M, for the
Memory Case

Figure 8

Lror
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Figure 9 Input Rate Capacity of the Line, £¢, vs. Repair Probability of Figure 11 Yield of the Line, a,v,, vs. Repair Probability of Worksta-
Workstation /, r;, for i =1,..., M, for Both the No Memory tion/, r,, fori=1,..., M, for the Memory Case
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realistic parameter values is discussed in the follow-
ing section, where the difference in scrapping rates
between the two cases is actually very small.

The effect of the repair probability 7; on system
performance is the opposite from the effect of p;.
Namely, as r; increases, Ef and Qu increase (Figures
9-11) and so does Byyr, although this is not shown
here for space considerations. Also, as #; increases,
Sy and Lo tend to both increase and decrease at
the same time depending on whether the increase-
in-input-rate-capacity effect or the increase-of-yield
effect predominates. In the transfer line instance that
we studied, as far as §M is concerned, the increase-
of-yield effect seems to predominate in both the no
memory and the memory cases, because in both cases,
as r; increases, the scrap rate of the entire line, §M,
decreases (Figures 12 and 13). As far as ﬁTOT is con-
cerned, in the no memory case, sometimes one effect
predominates and sometimes the other, depending on
the workstation i and its repair rate r; (Figure 14). In
the memory case, however, the increase-of-yield effect

Yield of the Line, 5,,,,, vs. Repair Probability of Worksta-
tion/, r,, fori=1,..., M, for the No Memory Case

Figure 10

1.00 4
0.95 4

Owm 0.90

0.85 —

is predominant, because as r; increases, Lror always
increases (Figure 15).

A noteworthy observation is that the effects of p;
and 7; on system performance described above are
more intense for downstream workstations than for
upstream workstations. This is natural, because the
further downstream a workstation is, the greater the
impact of its failures on the entire transfer line, as,
when a workstation fails, all its upstream worksta-
tions are stopped. This means that efforts to improve
the uptime and downtime distribution parameters
should start first at the last workstation and then
move upstream toward the first workstation. The only
exceptions are the effects of p; and r;, on Ef, which
seems to be independent of i (Figures 2 and 9). This,
however, is true only because in the particular trans-
fer line instance that we examined all workstations i
have the same parameters p; and r;. If these param-
eters were different, the curves in Figures 2 and 9
would be different for each workstation i.

Another noteworthy observation is that the effects
of p; and r; on system performance are more intense
in the memory case than they are in the no memory

Figure 12 Scrap Rate of the Line, §M, vs. Repair Probability of Work-
station /, r;, for i =1, ..., M, for the No Memory Case
0.09
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Su
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0 T T T T T T 1
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Figure 13 Scrap Rate of the Line, §M, vs. Repair Probability of Work- Figure 15 Total Unconditional Expected Flow Time, [mr, vs. Repair
station /, r;, fori =1, ..., M, for the Memory Case Probability of Workstation /, r;, for i = 1,..., M, for the
039 Memory Case
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case, because scrapping is more intense in the former
case than in the latter. This means that improvements
in the uptime and downtime distribution parameters
can bring in a bigger performance gain in the memory
case than in the no memory case.

A qualitative difference between the effects of p;
and r; on the input rate capacity of the line, E, and
the yield of the line, QM, is that, although all the
curves of these two performance measures versus p;
and r; are concave, in the case of p; they appear to be
almost linear. This implies that the marginal gain in
performance (capacity and yield) that can be achieved
by decreasing the probability of failure p; (e.g., by
improving maintenance operations) is close to con-
stant in p;. On the other hand, the marginal gain in
performance that can be achieved by increasing the
probability of repair ; (e.g., by speeding up repair
operations) is clearly decreasing in ;.

A question that arises is whether it is more bene-
ficial to use the repair/maintenance crew for preven-
tive maintenance to reduce p; or for speedy repair to
increase r;. To answer this question, we must compare

Figure 14 Total Unconditional Expected Flow Time, [mr, vs. Repair
Probability of Workstation /, r;, for i =1, ..., M, for the No
Memory Case
97
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the partial derivatives of the system performance
measure of interest with respect to p; and r;.

To illustrate such a comparison, consider a system
that is identical to the nominal system except that we
allow the failure and repair probabilities of worksta-
tion 1, p; and r;, to vary. For this system, suppose
that the performance measure of interest is the effec-
tive production capacity of the entire line, O,,. Table 1
shows the numerically computed partial derivatives
of Oy with respect to p; and r,, for different com-
binations of p; and r, values, for the no memory
case. The first line in each entry shows d0,,/dp,, and
the second line shows 9d0,,/dr;. From this table, we
can see that for all combinations of p; and r; values,
d0,,/dp, <0 and 90,,/dr; > 0. This is natural, because
any decrease in p; or increase in r; improves the reli-
ability characteristics of workstation 1 and results in
an increase in the effective production capacity of the
entire line. Moreover, we can see that for all combina-
tions of p; and r; values, [00,,/dp;| > |00O,,/dr;|. This
means that the increase in O,, that can be achieved if
we decrease p; by an infinitesimal amount A is greater
than the increase in O,; that can be achieved if we
increase r; by the same absolute amount A.

Let us illustrate this for p; =0.04 and r; =0.3. If we
decrease p; from 0.04 to 0.04 — A, O,, will increase by
1.7211A. If, on the other hand, we increase r, from 0.3
to 0.3+ A, Oy, will increase only by 0.26964A.

The above observation is reversed, however, if we
consider how O,, is affected by a relative decrease in p,
and the same relative increase in r,. Let us illustrate
this for p;, =0.04 and r, =0.3. If we decrease p; by an
infinitesimal percentage 6 from 0.04 to 0.04 — 0.049,
Oy will increase by (1.7211)(0.045) = 0.06886. How-
ever, if we increase r; by the same infinitesimal per-
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Table 1

Partial Derivatives of the Effective Production Capacity of the Entire Line, O0,,, with Respect to p,

and r,, for Different Combinations of p, and r, Values, for the No Memory Case

g

Py 0.3 04 0.5 0.6 0.7 0.8 0.9
0.04 -1.7211 —1.2994 —1.0452 —0.8747 —0.7521 —0.6595 —0.5871
0.26964 0.14483 0.09109 0.06281 0.04601 0.0352 0.02782
0.06 —1.6349 —1.2375 —0.9973 —0.8365 —0.721 —0.6338 —0.5655
0.39044 0.21049 0.13233 0.09125 0.06689 0.05122 0.04051
0.08 —1.5507 —1.1807 —0.9536 —0.8013 —0.6921 —0.6097 —0.5452
0.49906 0.27229 0.17134 0.11812 0.08659 0.06632 0.05249
0.1 —1.4647 —1.1269 —0.9129 —0.7685 —0.6651 —0.5871 —0.526
0.59264 0.3298 0.20822 0.14357 0.10523 0.08061 0.06382
0.12 —1.3765 —1.0746 —0.8745 —0.7379 —0.6397 —0.5657 —0.5078
0.66989 0.38253 0.24297 0.1677 0.12291 0.09414 0.07455
0.14 —1.2875 —1.0235 —0.838 —0.709 —0.6158 —0.5455 —0.4906
0.73099 0.43013 0.27554 0.19055 0.13969 0.107 0.08473
0.16 —1.1992 —0.9735 —0.803 —0.6816 —0.5931 —0.5264 —0.4741
0.77711 0.47241 0.30586 0.21215 0.15562 0.1192 0.09439

centage 6 from 0.3 to 0.3+ 0.35, O, will increase by
(0.26964)(0.36) = 0.080896; i.e., the increase of O,, is
greater in the second case.

Qualitatively similar results were obtained when
we varied the failure and repair probabilities of other
workstations. The only difference is that the further
downstream the workstation is, the higher the mag-
nitude of the partial derivatives of O,; with respect
to the failure and repair probabilities of the worksta-
tion. This is natural, because, as we mentioned above,
the further downstream a workstation is, the greater
the impact of its failures on the entire transfer line.
To illustrate this, consider a system that is identical to
the nominal system except that we allow the failure
and repair probabilities of workstation 6, p, and 7, to
vary. For this system, Table 2 shows the numerically
computed partial derivatives of O,, with respect to

Table 2 Partial Derivatives of the Effective Production
Capacity of the Entire Line, O,,, with Respect
to p; and r;, for Different Combinations of p,
and r; Values, for the No Memory Case
Tg
Ds 0.3 0.9
0.04 -2.1786 —0.5987
0.3803 0.02885
0.16 —1.6552 —0.4897
1.32875 0.1022

pe and 7, values, for the no memory case. For space
consideration, we show the results for fewer combi-
nations of p, and 7, values than the combinations of p,
and r; values shown in Table 1. By comparing Table 2
with Table 1, we can see that the partial derivatives in
Table 2 are greater in magnitude than the correspond-
ing partial derivatives in Table 1.

Finally, the effect of the maximum-allowable stand-
still time 7; on system performance is straightforward.
Namely, as n; increases, Q) and Lo, increase (Fig-
ures 16 and 18), whereas S,, decreases (Figure 17),
converging to certain limiting values as n; goes to
infinity. Bror also increases, but this is not shown here
for space considerations. The limiting values that the
performance measures approach as n; goes to infin-
ity correspond to the performance measures of the

Figure 16 Yield of the Line, (§M, vs. Maximum-Allowable Standstill
Time, n;, for Both the No Memory and Memory Cases
1.0
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Scrap Rate of the Line, §M, vs. Maximum-Allowable Stand-
still Time, n,, for Both the No Memory and Memory Cases

Figure 17

0.5 7
04 —— Memory
—>— No memory
. 0.3
SM
0.2+

same system with no scrapping. Note that the conver-
gence rate is much faster for the no memory case than
for the memory case. This means that the marginal
gain in performance that can be achieved by increas-
ing the maximum-allowable standstill time n; (e.g.,
by improving the material and/or process character-
istics) is more significant in the no memory case than
in the memory case.

4. Simulation Study

Thus far in this paper, we have assumed that the
uptimes and downtimes of the workstations are i.i.d.
random variables with geometric distributions. This
means that the probability that a workstation will fail
in the next time period, given that it is presently up,
does not depend on the number of periods that it has
been up, and that the probability that a workstation
will be repaired in the next time period, given that it
is presently down, does not depend on the number of
periods that it has been down. This implies that the
vector of operational states of the workstations is a

Figure 18 Total Unconditional Expected Flow Time, ZTUT, vs. Maxi-
mum-Allowable Standstill Time, n;, for Both the No Memory
and Memory Cases
100

80
60
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discrete-time Markov process. Without the Markovian
property, the mathematical analysis becomes much
more difficult. An important question is how realistic
the Markovian assumption is and how it affects the
performance of the system.

In a study of failure data of a transfer line pro-
ducing transmission cases at Chrysler Corporation,
reported by Hanifin (1975) and Buzacott and Hanifin
(1978), it was found that the observed uptimes of
machines could be reasonably well approximated by
exponential distributions, where the exponential dis-
tribution is the equivalent of the geometric distribu-
tion in continuous time. That same study also found
that the observed downtimes were due to a mixture of
different repairs, where the time to make each repair
could be reasonably well approximated by exponen-
tial distributions. In another study of failure data of
two automotive body welding lines (Inman 1999),
it was concluded that the exponential distribution
assumption appeared reasonable for the uptimes but
not for the downtimes. The above studies concerned
asynchronous transfer lines.

In a study of failure data of an automatic transfer
line producing pizzas (Liberopoulos and Tsarouhas
2005), it was found that the coefficient of variation
of the uptimes of all workstations was between 1
and 1.7, with an average of 1.33; however, the upti-
mes were not “pure” because they included the times
between successive proactive maintenance operations
on the line. The same analysis showed that the coef-
ficient of variation of the downtimes of all worksta-
tions was between 0.5 and 1, with an average of 0.7.
Recall that the coefficient of variation of an expo-
nentially distributed random variable is one. In both
Inman (1999) and Liberopoulos and Tsarouhas (2005),
it was concluded that the downtimes and uptimes of
the workstations are independent. In another study
that analyzed actual downtime data from a paper-
manufacturing facility over a period of three years
(Boyd and Radson 1998), the gamma distribution was
identified as a good fit for downtimes, and the best fit
shape parameters for the gamma distribution ranged
from 1.299 to 3.069.

Based on the above studies, it appears that although
the Markovian assumption may not be too unreason-
able for the uptimes, it is certainly less suitable for the
downtimes. To evaluate the Markovian assumption
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that was used to develop the analytical expressions of
the original transfer line model in §2, we compared
the performance of that model to the performance of
a modified model in which the downtimes of each
workstation are i.i.d. random variables that are dis-
tributed as the sum of two independent, identical,
geometrically distributed random variables.

To obtain the performance of the modified model
we used simulation. We chose to model the down-
time distributions of the workstations as the sum of
two geometric distributions for two reasons—first,
because the sum of two geometric distributions is the
discrete counterpart of the sum of two exponential
distributions, which is equivalent to a gamma dis-
tribution with shape parameter equal to 2. As men-
tioned above, the gamma distribution with a shape
parameter of 2 was reported as a realistic fit in Boyd
and Radson (1998). Second, if one wanted to extend
the analytical results developed in §2 to systems with
non-Markovian downtime distributions, a good bet
for obtaining analytically tractable exact or approx-
imate results would be to assume that the down-
times are distributed as the sum of two geometrically
distributed random variables. Our simulation-based
results could then be used to validate such potential
analytical results.

With this in mind, let 1/s; denote the mean of each
of the two independent, geometrically distributed
random variables whose sum has the same distribu-
tion as the downtime of workstation i in the modi-
fied model. The variance of each random variable is
(1—s;)/s?, because each variable is geometrically dis-
tributed. Given that the random variables are inde-
pendent, the mean and variance of their sum are 2/s;
and 2(1 —s;)/s?, respectively. In order for the compar-
ison between the original and the modified models to
be fair, we require that the mean downtime of each
workstation be the same for both models. Recall that
the downtimes of each workstation i in the original
transfer line model are geometrically distributed with
mean 1/7; and therefore variance (1 — r;)/r?. Because
the mean downtime is the same for both models, i.e.,
2/s; =1/r,, it follows that s; = 2r;. With this in mind,
we can write the following expression for the ratio of

the variances of the downtimes of the modified and
the original model:

Var of downtimes in modified model

Var of downtimes in original model
21 —s)/s7  2(1—=2r)/4r7  1-2r
CA=n)/rt o A=)/ 2-2
The above ratio is zero, when r; = 0.5 and approaches
0.5 as r; goes to zero. This means that the variance of
the downtimes of the modified model is at most half
the variance of the downtimes of the original model.

To compare the performance of the original and
modified models, we performed a numerical study of
an instance of a bufferless, paced, automatic transfer
line with M = 6 identical workstations. Each work-
station i, i=1, ..., M, had N; =30 positions, a mean
uptime of 1,600 time units, a mean downtime of
30 time units, and a maximum-allowable standstill
time n;. We considered four different values for n;,
namely, 10, 20, 40, and 50. The first two values cor-
respond to the case where the maximum-allowable
standstill time is smaller than the mean downtime.
The last two values correspond to the case where the
maximum-allowable standstill time is greater than the
mean downtime. For each value of n;, we consid-
ered both cases of material with and without memory
of damage during a stoppage; i.e., we considered
a total of eight sets of parameters. Our choice for
the parameter values used in the numerical study
was inspired by the failure data statistics of a real
automated transfer line reported in Liberopoulos and
Tsarouhas (2005).

For each set of parameters, we computed the sys-
tem performance measures, Ef’, QM, §M, ﬁTOT, and
Bror, for both the original and the modified mod-
els. For the modified model we used simulation. For
the original model we used the analytical expressions
developed in §2, as well as simulation, to verify our
simulation algorithm. More specifically, for each set of
parameters, we ran 60 simulation replications of both
the original and the modified models and computed
95% confidence intervals for the system performance
measures. Each replication had a time horizon of 100
million time units and took approximately 18 min-
utes on a Pentium IV PC @ 2.66 GHz. The results are
reported in Table 3. The third column of Table 3 indi-
cates the model and method used to evaluate the per-
formance measures; “Org anl” denotes the analytical

(35)
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Table 3 Performance Measures of the Original and Modified Models for Different Values of n; and Both
Cases of Material With and Without Memory of Damage During a Stoppage

Memory Model &

n,  ofdamage  method E¢ Qu Su Lror Bror
10 No Org anl 0.894529 0.753069 0.220887 153.750000 137.534000
Orgsim 0894427 0754470 0219609  153.049547  137.696622
+0.000067  +0.000138  40.000112 +0.015072 +0.022615
Modsim 0894409 0712180 0257429 148982286  133.251008
4+0.000052  4+0.000126  40.000102 +0.013308 +0.018718
Yes Org anl 0.894529 0.752624 0.221285 153.674000 137.466000
Orgsim 0894475 0754173 0219886  153.885355  137.646487
+0.000051 +0.000115  +0.000097 +0.011732 +0.016345
Mod sim 0.894387 0.711827 0.257738 148.928328 133.199440
+0.000049  +0.000119  40.000098 +0.012446 +0.017453
20 No Organl 0894520 0815279 0165238  163.505000  146.340000
Orgsim 0894462 0816809 0163858 163785563  146.499965
4+0.000053  +0.000125  40.000104 +0.011719 +0.018038
Mod sim 0.894425 0.783496 0.193646 160.460665 143.519916
+0.000043  +0.000125  +0.000105 +0.011666 +0.016116
Yes Org anl 0.894529 0.814089 0.166303 163.395000 146.161000
Org sim 0.894388 0.815486 0.165027 163.575056 146.299482
+0.000057  +0.000117  +0.000097 +0.010921 +0.017912
Mod sim 0.894419 0.782194 0.194810 160.233243 143.315585
4+0.000043  +0.000112  40.000094 +0.010193 +0.014779
40 No Org anl 0.894529 0.899484 0.089914 176.721000 158.082000
Org sim 0.894437 0.899814 0.089610 176.723203 158.067620
+0.000061 +0.000090  +0.000077 +0.008160 +0.016412
Mod sim 0.894451 0.902673 0.087055 178.220523 159.409557
+0.000055  +0.000096  +40.000082 +0.008514 +0.015025
Yes Organl 0894520  0.897274 0091891  176.355000  157.754000
Org sim 0.894411 0.897571 0.091614 176.355364 157.734225
+0.000064  +0.000082  +0.000068 +0.007382 +0.016228
Mod sim 0.894456 0.898835 0.090488 177.605143 158.859928
+0.000049  +0.000096  +0.000082 +0.008083 +0.014192
50 No Org anl 0.894529 0.926535 0.065717 180.897000 161.817000
Org sim 0.894437 0.926349 0.065877 180.818517 161.730827
4+0.000049  40.000063  4-0.000054 +0.005439 +0.011344
Mod sim 0.894435 0.938894 0.054656 183.437015 164.072415
+0.000045  +0.000076  +0.000066 +0.007368 +0.011564
Yes Organl 0894529 0024187 0067817 180510000  161.471000
Orgsim 0894452 0024115 0067876 180450250  161.404019
+0.000049  +0.000080  +0.000070 +0.005949 +0.012211
Mod sim 0.894458 0.934722 0.058389 182.783067 163.491779
4+0.000046  40.000070  =40.000061 +0.005976 +0.010751

evaluation of the original model, “Org sim” denotes
the simulation-based evaluation of the original model,
and “Mod sim” denotes the simulation-based evalu-
ation of the modified model. From Table 3, we can
make the following observations.

The first observation is that the analytically ob-
tained performance measures of the original model
slightly miss the fairly tight confidence intervals
of the simulation-obtained performance measures of
the same model. The reason for this discrepancy is
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that the sample means of the uptimes and down-
times of the different workstations generated for the
simulation were slightly different than the values
assumed in the analytical model, which were 1,600
and 30 time units, respectively, even though a sophis-
ticated random number generator was employed
in the simulation. Specifically, the sample mean of
the uptimes were 1,601.6514, 1,600.7875, 1,599.5739,
1,598.5693, 1,599.4704, and 1,601.0981 for worksta-
tions 1-6, respectively, instead of 1,600.00. Similarly,
the sample means of the downtimes were 30.0186,
30.0400, 30.0180, 30.0068, 30.0344, and 30.0183 for
workstations 1-6, respectively, instead of 30.00. This
slight apparent bias of the randomly generated upti-
mes and downtimes is due to the fact that the prob-
abilities of failure and repair of the workstations are
quite small, particularly the former. When we used
the above observed values of the sample mean upti-
mes and downtimes in our analytical expressions,
then the analytically obtained performance measures
of the original model fell at the heart of the con-
fidence intervals of the simulation-obtained perfor-
mance measures of the same model.

The second observation is that for all sets of param-
eters, the no memory case has higher values of QM,
Lror, and Bror and lower values of S, than the mem-
ory case, as is expected (see also the discussion of
results in §3). The difference in performance between
the two cases, however, is very small. This is because
the mean uptime of each workstation—i.e., 1,600 time
units—is very large compared to the number of posi-
tions of the workstation—i.e., 30. Thus, it is very
unlikely that a part will experience more than one
stoppage in any particular workstation. Note that if
every part experiences at most one stoppage in any
particular workstation, then the two cases (with and
without memory) behave identically.

Another observation is that as n; increases, QM,
ﬁTOT, and Bgor increase, whereas §M decreases, as is
expected (see also our discussion of the results in
§3). When n; is equal to 40 or 50—i.e., greater than
the mean downtime—Q,,, ﬁTOT, and By are higher
in the modified model than in the original model,
whereas S, is higher in the original model than in
the modified model. When #; is equal to 10 or 20, i.e.,
smaller than the mean downtime, however, the oppo-
site is true; i.e., Qy, Lror, and Byop are lower in the

modified model than in the original model, whereas
Sy is higher in the modified model than in the orig-
inal model. At first this may seem a little surprising,
because one would expect that the values of Ow, Lror,
and Bror should always be higher in the modified
model than in the original model and the values of Su
should always be higher in the original model than
in the modified model, as the downtimes in the mod-
ified model have less than half the variance of the
downtimes in the original model. In fact, in the trans-
fer line instance that we studied, the ratio of the two
variances, computed from (35), is 0.4828.

However, if we look at this issue more carefully, we
will note that when n; is equal to 10 or 20, the proba-
bility that a part will not be scrapped, which is equal
to the cumulative distribution function of the down-
times evaluated at #;, is higher in the original model
than in the modified model, as is shown in Figure 19,
precisely because of the higher variance of the down-
time in the original model. This means that when #; is
equal to 10 or 20, fewer parts are scrapped in the orig-
inal model than in the modified model. Those parts
that are not scrapped in the original model but that
are scrapped in the modified model increase the val-
ues of Qy, Lror, and Bror, making them higher than
their respective values in the original model.

To better see how a lower variance of the down-
times can lead to more scrapping, think of the extreme
case where the variance is zero, i.e., where all down-
times are exactly equal to 30, while the maximum-
allowable standstill time is either 10 or 20. In this case,
every time there is a stoppage, clearly all parts in the
stopped section of the line are scrapped.

Figure 19 Cumulative Distribution Function of Workstation Downtimes

for the Original and Modified Models
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Perhaps the most important observation, from the
point of view of the usefulness of analytical results of
§2, is that the difference in the performance measures
between the original and the modified models is quite
small, especially when n; is equal to 40 or 50, i.e.,
greater than the mean downtime. When #; is equal to
10 and 20—i.e., smaller than the mean downtime—
the difference in performance between the two mod-
els is bigger but still less than 6%. This suggests
that the original, analytically tractable model can pro-
vide fairly accurate performance estimates for transfer
lines with nongeometrically distributed downtimes.

5. Conclusions

We developed analytical expressions for two variants
of a failure-prone, bufferless, paced, automatic trans-
fer line model. The model assumes memoryless work-
station uptimes and downtimes and material quality
deterioration during failures that may lead to WIP
scrapping if the failures last long.

We used these expressions to study the effect of
system parameters on system performance. We found
that as the probability of failure of a workstation
increases or as the probability of its repair decreases,
the input rate capacity of the system, the yield of
the line, and the average number of parts in the
entire line decrease. The scrap rate of the line and the
total unconditional expected flow time may increase
or decrease, depending on whether the decrease-
of-input-rate-capacity effect or the decrease-of-yield
effect predominates. We found that the input rate
capacity and the yield of the line are close to linear in
the probability of failure of a workstation, but clearly
concave in the probability of repair. This implies close
to constant performance gains as the failure proba-
bilities decrease, but diminishing gains as the repair
probabilities increase.

We also found that all these effects are more intense
for downstream workstations than for upstream
workstations. This means that efforts to improve the
uptime and downtime distribution parameters should
start first at the last workstation and then move
upstream toward the first workstation. Finally, we
found that transfer lines processing material that has
memory of the damage during stoppages perform
worse than lines processing material having no mem-
ory of the damage. Also, the marginal gains in sys-
tem performance that are obtained by increasing the

maximum-allowable standstill time of material are
more important for material with no memory of the
damage than for material with memory.

To evaluate the memoryless assumption of work-
station uptimes and downtimes, we compared the
performance of the original model with that of a
modified model in which the workstation downtimes
do not follow a memoryless distribution. The perfor-
mance of the modified model was obtained via simu-
lation. We found that when the maximum-allowable
standstill time is greater than the mean downtime,
more parts are scrapped in the original model than
in the modified model, whereas when the maximum-
allowable standstill time is smaller than the mean
downtime, the opposite is true. More important, we
found that the differences in the performance mea-
sures between the original and the modified models
were fairly small. This suggests that the original
model, which is analytically tractable, can provide
fairly accurate performance estimates for transfer
lines with downtimes that do not follow memoryless
distributions, and this makes it a powerful analytical
tool for designing such lines.

A promising direction for future research would be
to extend to analysis the cases where in-process stor-
age buffers or evacuation buffers are allowed in
between workstations. Another direction for future
research would be to try to develop exact or approx-
imate analytical results for systems with non-
Markovian downtime distributions. Finally, it would
be worthwhile to use the analytical results developed
in §2 to optimally design automatic transfer lines.

To this end, one would need to develop an average
profit (reward minus cost) function of the parameters
of the system, such as the nominal production rate
of the line, the length and the maximum-allowable
standstill time of each workstation, and the failure
and repair probabilities of the workstations, and then
try to optimize it. The average reward function could
be related to the revenue of selling good items, which
is in turn related to effective production capacity
of the entire line, O, given by (21). The average
operational cost may have several components. One
component could be related to the material cost of
scrapped items, which is in turn related to the scrap
rate of the entire line, given by (23). This cost could
be reduced if the scrapped material had some value,
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for example, if a part of it could be retransformed into
raw material or if it could be sold to a less demanding
customer for a lower price. Another component could
be related to the preventive maintenance and repair
service levels of the repair/maintenance crew, which
determine the failure and repair probabilities of the
workstations.

A third component of the average cost could be
related to the resources that are needed to increase
the maximum-allowable standstill time of each work-
station. For example, refrigeration or heating or some
other intervention on the environmental conditions
might help delay the deterioration of the parts that
are trapped in the stopped workstations. Finally, the
cost of accrued investment and equipment deprecia-
tion could also be accounted for in the model.
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