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Abstract

Modemn industrial practice is to minimize work-in-process in ordar to eliminate inventory-camying costs and
quickly detect quality problermns. Reduced work-in-process rasults from eliminating in-procass buffers betwaan
operations in serial lines, but is accompanied by decreased systermn efficiency. Inventories are created befora
system axpansion in order to offsat production lost during construction. Furthermore, serial line expansion
implies doubling line output. In reconfigurable manufacturing systeams, new configurations that have not yet
been fully explored by industry can be used to compansate for loss of buffered system isolation failure,
creation of inventories, and step-size production expansion. Numerical models are applied to predict
productivity and explicitly show tha equivalency of aternative configurations to buffered sarial transfer lines.
Parallel-sarial configurations as wall as the newly proposed reserve capacity configurations are examined.
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1 INTRODUCTION

Pure senal configuration, as schematically illustrated in
Figure 1(a), is traditionally used in autormnated transfer
lines. Its advantages incdude relatively low work-in-
process and throughput time, as compared to process
layout type configurations. High productivity can ba
achieved when buffars are utilized to isolate systam
failure from individual machine failure. However, buffared
serial lines are not necessarily the best production
strategy for addressing tha currant manufacturing
anvironment. The unpredictabla market changas of
recant years have led to the need for an anvironmant that
can react rapidly and cost effectively [1].

Modem industrial practice is to minimize the amount of
work-in-process in order to eliminate inventony-carmying
costs and facilitate detaction and reduction of quality-
associated rework costs. Although the elimination of
buffers achieves this goal, it also greatly reducas systam
productivity, since a single machine failure causes
systemn failure. In addition, undesirable inventories of
finished goods are typically hald to buffer the customer
from systam failura.

Globalization and international competition have made it
essential for manufacturing operations to produce
effidantly in response to market demand. Historically,
manufacturing systerns have been designed with excess
capacity in the anticipation that demand will eventualty
reach capacty. However, market projections ara
notoriou sty inaccurate, resulting in a significant risk that
the eventual demand will not equal the plannaed capacity.
When capacity exceeds demand, capital has been
inefficiantly invested. Whan capacity is under demand, it
is normal that capacity be expanded.

Typically, inventories are created before a manufacturing
system is expanded to compansate for disruptions during
construction. In a growing market, it may bae difficult to
accumulate these inventories. Moreover, axpansion of a
senal production line implies duplicating the line, thus
doubling its output, which again can yiekd a capacity
higher than the uttimate demand.

Manufacturing system performance is influenced by
systermn configuration [2]. In reconfigurable manufacturing
systerms, non-traditional configurations other than serial

lines can be exploited to provide low lavals of work-in-
procass, reduce inventories, and provide incremental
production  expansion step sizes.  Productivity
improverment can be achieved by parallelism rather than
through the use of buffers in a senal line. Moreover, with
parallelism and flexible production equipment, the
throughput of a production system can be incrementally
expanded. The parallal-serial and the newly proposed
reserve capacty colasses of production systam
configurations ara examplas of such configurations.

This paper applies numerical models to predicd the
produdtivity of non-traditional manufacturing systam
configurations and to demonstrate their equivalancy to
buffered serial transfer lines. The paper is organized as
follows: Sections 2 describes the produdivity vanance
reduction of parallel-serial lines and their productivity
equivalency to buffered serial transfer lines. Section 3
shows how production lines may be scaled up
incrermnentally by using reserve capacty. Sedlion 4
discussaes the configurations and concludes the paper.
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Figure 1: Schamatics of Production Systam
Conhgurations without Buffers.



2 CONFIGURATION AFFECT ON PRODUCTIVITY
VARIANGE AND BUFFER EQUIVALENGCY

The parallel-serial cdass of production system
configurations is defined as a set of m serial machining
lines of n stages, configured in parallel to each othar [3].
The senal lines can eithar be completely independant of
each other or can have crossover between every
operation. Crossover refers to a situation in which
product fliow may be transferred to another line batwaen
stages. ©.g. whan a line is blocked due to a failura
upstreamn. Parallel-serial systeams may also be hybrid,
whara crossovar points do not occur following every
stage. A hybnd configuration may be desirable when
quality considerations dictate consistency batween
operations. In this model, machines and stages are
assumed to be independent and have paced production
rates. Figures 1({b) and 1{c) show example schamatics of
parallel-sarial configurations of m=3 and =5 without and
with crossover, respactively. Figure 1(d) shows a
schematic of a parallel-senal hybnd configuration.

Unlike bufferless pura serial configurations, these non-
traditional systern configurations can still produce when
one of more machines fail. Thus, in order to predict their
productivity, it is necessary to model all of their
productive systern states. The produdtivity of a
configuration is defined as the normalzed expectation of
tha production rate of all systern states. Produdtivity is
also called systern availabilty or effectivenass.
Mathematically, productivity P can be expressed as:
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whara f is the number of system states, 4 is either zero
for a nonproductive state or the production rata
associated with the #h state, .. 18 the highest
production rate of the states, and Pr{ith sfafe) is the
probability that the ith state occurs. From basic statistics,
tha productivity varianca is:
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The productivity of a parallal-serial configuration with no
crossover and with all machines having the same
availability is determined by summing the probabilities of
all permutations of operational lines, whare (1-R") is the
probability of any line being down, and R is the
probability that a single machine is functional. This
productivity is:
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Therefore, Equation (3) shows that the productivity of a
parallel-saerial production system with no crossover is
independant of the number of lines and, like the pura
serial line, entirely dependant on the number of stages
{machines). That is, a system with m parallal-serial lines
of n machines per line and no crossover having a
theorsetical production capacity of P (F/m per line) has an
equivalent production rate to a pure senal line (m=1)of n
machines with production capacty F. Moreover,
redistributing the n machines of a pure serial line into a
parallel-serial configuration of m lines without crossover

shortens each line, giving a produdiivity improvamant of
100(R"™"1)%. where n is evenly divisible by m.
Furthermore, the additional lines reduce the variance of
productivity over that of a pure senal line.

The produdtivity of a parallel-serial configuration with
crossover is determined from the number of parmutations
of functioning machines in each stage. When all stages
have the same availabilty and production rate, the

productivity is given by:
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The summation with index b is incduded to account for
the bottlenacks that occur due to one or more machina
failures in a stage. A companson of the productivity
advantage of crossover over no crossover Is given in
Freiheit et. al [3].

As noted above, one advantage of the parallel-senal type
configuration is that it has reduced productivity variance.
Pure serial lines without buffers are limited to a single
productive systaem state, giving a variance based on the
probabilities seithar of no machine failures or of ona or
more machine failures. Parallel-sanal lines have multiple
productive states, where productivity is scaled by the
equivalent number of lines that are functioning. For
example, in a parallelserial line with crossover, the
equivalent number of lines is the number of functioning
machines in the bottlenack stage, i.e. the minimum of tha
a/'s of Equation (4).

Figure 2 plots the productivity coefficiant of variation (CV)
of parallel-serial lines both with and without crossover.
This plot shows that more lines in parallel yiekd a lower
CV. Additionally, more line in parallel result in a lower
increase in CV as tha lines get longer. Finally, crossover
configurations have inherently less variance than nomn-
crossovar configurations. Since consistency in production
levels is desirable in a manufacturing system, a parallel-
senal production line design should take advantage of
these trends and develop tha process plans and
resource requiraments for wider lines.
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Figure 2: Produdtivity Coefficient of Variation
Versus Line Length.



Configuration Produdtivity Pura Saenal wBuffers | Producdtivity | Pure Sanal w/Buffars
Width Langth No cross- Total Total Avg. | With Cross- | Total Total Avg.
{m) {n) ovar Buffers WIP ovar Bufters WIP
24 1 — — — 0.950 Inf —
8 3 0.855 16 8 0.891 585 297
6 4 0.813 18 9 0.862 367 183
4 8 0.733 20 10 0.807 191 85
3 B 0.663 21 10 0.756 118 58
2 12 0.548 22 11 0.665 56 28
1 24 0.346 0 12 — — —

Table 1: Produdtivity Equivalence of Parallelism to Optimal Buffers in a Pura Serial Line of 24 Machines.

The improvemaent in productivity of parallel-senal type
configurations over pure serial lines can be equated to
the productivity improverments achieved in pure serial
lines by the addition of buffars. The buffer size nacassary
in a pure saerial line for the same productivity given by a
parallel-serial configuration can be calculated using an
aggregation/decomposition algorithm per Gershwin [4]
and Dallery et al. [5]. This algorithm, incorporated by
Yang [6] into a prototype software program, calculates an
optimum buffer allocation to achieve a given level of
productivity in a pure serial line and its average work-in-
process. Required inputs are production rate, mean-time-
to-failure and mean-time-to-repair of each machine in the
line. The program outputs the total size and location of
buffers to meet the desired productivity, as well as the
average work-in-procass in evary buffar.

In a systern of 24 fully flexible reconfigurable machines, it
is possible to create twelve parallel-sarial configurations,
as detailed in Table 1. It is assumed that it is possible to
reallocate the machine tasks such that the effective
systermn production rate is tha same in all configurations.
Table 1 presents tha produdtivity for these configurations
and comparas it to the productivity of a pura senal line
with an optimal allocation of buffars to provide tha same
level of productivity. All machines have the same
availability of 085 As can be seen, a pure senal line
requires more buffar space to achieva equivalant
productivity levals when mora lines are placed in parallel,
and the avaerage work-in-process likewise increases.

Note also that crossover in a parallelsenal line is
approximately equivalent to having a buffer of size one
betwean every stage of a non-crossover line. For
example, in a line of width eight and length three, a buffer
of size one accounts for the productivity difference of
0.036. Since thare ara eight lines in parallal, crossover in
this case is equivalent to a total system buffar size
requirermant of 16, with an average WIP of 8. In addition,
note that the reserve capacity configuration of the next
section also provides productivity improvernents that are
equivalent to a buffar.

3 PRODUCTIVITY AND LINE CAPACITY

kdealty, a production system is initially designed with
changas in capacity in mind. Ona typical method in a
senal line is to leave opan stages dose to anticipated
bottleneck points to provide space for production
expansion. However, depanding on tha provisions mada,
the line must ba shut down during construction, imphying
a build-up of invantory prior to construction. Furthermora,
large-scale capacity changes in serial lines imply
duplicating a line, thus doubling system output. The open
stages method is less applicable for larga-scale changes
because bottleneck points may not be adequately
anticipated. Moreovaer, leaving stages opan for expansion
nomally does nothing for reducing capacaty.

The proposed reserve capacity configuration provides a
means for scaling production up or down, using
adjustments in productiity as well as modifications to
capacity to address cument throughput requirements.
The capacity change step siza is typically small snough
to provide a better match of systern throughput to product
demand. Additionally, in tha raconfigurable
manufactuning paradigm, production modules can be
reused, so production assets do not need to ba wasted
with capaaty changes. The idea is to add or remove
productive standby machines in parallel to a main
production lina by providing one or more flexible standby
machines capable of performing any operation in parallal
to a serial or parallel-senal transfer line, 8.g. Figure 1{a).

The standby machines can either contribute
indapendantly to production when thay are not baing
called upon to substitute for a failed machine in the
transfer line, or they can remain idle until a failure occurs
in the main transfer line. Nota that a parallel-senal line
with reserve capacity has crossovar by necessity.
Consideration of reserve capacity is faaltated by the
increasing use of identical, highly flexible CNC machines
in production systam design.

For a paced parallel-senal systern of identical machine
availabilty and with k& standby machines, reserve
capacity productivity is derived by determining the
equivalent number of parallel lines of n operational
stages and noting that every excess functional standby
machinas contribute 1/n to productivity:
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whare:

= nis the number of stages in the main lina.

= & is the number of functioning machinas in the &h
stage.

= g is the total number of funclional machines in the
main line.

= {is the number of functional standby machines.

= R isthe availability of main line machines.

= Ryis the availability of the standby machines.



= i is the equivalent number of parallel lines.

= yis the number of standby machinas baing used as
main line machine replacaments.

= g is a produdtivity-discounting factor associated with
transfer effidancy to the standby machines.

= A is an efficiency-discounting factor for the muiti-
functional standby machine in full production moda.

Alpha and beta equal one when thera is complete
efficiency. e.g. when transfer can be complated within the
main line cyde time. As appropriate, « can be interpreted
as a scaling factor for slowming the pace of production.
Note that in the calculation of u% b7 is the index of the gh
minimization operation and 5*=min (a.....a,). Models
have also been developed for pure serial and non-
productive  standby machine reserve  capacity
configurations.

The expansion of a line by the addition of productive
standby machinas to a parallel-sarial main line is almost
equivalent to placing all the standby machines in a pure
parallel configuration in parallael to the line. Howavar, the
standby machines do not truly constitute a pure parallal
configuration because their operation is dependent on
the main line, as they can be called upon to substituta for
a failed main line machine. Mora productivity is gained
from the standby machines in the raserve capacity
configuration than in a pure parallel configuration
bacause of synargies derived from bottlenack mediation.
Figure 3 plots an adapted version of Equation {5}, giving
the relative throughput as a line is expanded by adding
standby machines. When the number of standby
machines equals the length of the line, the standby
machines are integrated into the main line, resulting in a
parallel-senal configuration. This integration rasults in a
small loss of throughput, as the standby machines no
longer operate like a pure parallel configuration.
Howaever, that loss is reversed with the next addition of a
standby machine. Note that when sequential stages fail
in the main lina, multiple standby machines can be
operated senally. Howavaer, this operating schame is not
modeled in Equation (5), and operating a pure parallal
configuration is generally more productive.

3.5
3 _,_+——P‘__+“ -1
= i e 1
e 1 oy
g et e W
325r a4 paia i
: e
e " =
3 i Line Width 7 1
g et . ‘Pafa""le"‘se
o5k ~ PR i 2
3t e
o " pureS
2 1 e .
o A
gL All Lines Length n=10
0.5f Machine Availability R=95 1
Standby Machine Availability Rs=.9
0 1 I | 1 I | L 1 |
0 1 5] 9 10

2 3 4 5 5 i
Number of Standby Machines

Figure 3: Production Expansion Using Resarva
Capacity. Alpha =0.7 Beta =09.

4 DISCUSSION AND CONCLUSIONS

The design of produdtive manufacturing systems without
buffers can be achieved by judicious use of non-
traditional configurations such as the parallel-senal and
reserve capacity types. A few additional issues in the use
of configurations shoukd be noted. Reliable material

handling is necessary to maintain the synergistic effect of
crossover in both configuration types. The availability of
the materal handling system should exceed the
availability of the machines. f the materialhandling
systemn is not sufficiently reliable, a bufferad systam may
ba preferable. Machine availability has a large impact on
the synergistic gains of crossover. When machine
availability is high, crossover may not be used frequantly
enough to justify the additional expense of its material-
handling system. Finally, if main line machine failuras are
frequent and have low repair time, it is possible that no
productivity gains can be had from a reserve capacity
configuration, as a main line machine may be repaired by
the time a standby machine has been configured to
parform the operation that it is substituting. In this case, a
buffered systemn is preferable. On the other hand, if the
repair time is long, regardless of how frequently the
failure occurs, a reserve capacity system is prefarable as
optimal buffer capacity is large. In every case, it is
nacessary to modal the productivity and compara systemn
costs totheir parformance benefits and operational costs.

The intant of this work is not to replace buffers as a
suitable method of produdivity improvement in
production systerm design, but rather to provide other
options for consideration. Using aither configuration or
buffers with serial lines alona or blending buffers with
nor-traditional configurations may provide the optimal
solution for a given production circumstance. Future work
will deal with the trade-off betwaen failure frequancy and
repair duration to optimal implermentation of reserve
capacity, and the required level of material handling
availability for effective crossover system design.
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