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ABSTRACT

A previously developed simulation model of a pro-
posed flexible manufacturing cell (FMC) was modificd Lo
further determine the effects of operating fewer machines,
considering machine maintenance and breakdowns, and
installing larger tool magazines upon the system perfor-
mance. In particular, these simulation studics attempted to
quantify the performance constraints arising from the in-
clusion of an automated tool transporter to deliver tools to
the included milling machines within an FMC.
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1 INTRODUCTION

The goal of flexible automation is to produce a wide
varicty of parts without a major restructuring of the manu-
facturing facilitics. This capability reduces manufacturing
costs and shortens lead times. Just-in-time manufacturing
becomes possible which reduces work-in-progress inven-
tory. Bcecausc of the large amount of capital invested in
flexible manufacturing systems, high utilization of cquip-
ment represents another performance consideration.

This paper will discuss an expanded simulation study
using apreviously developed simulation model foraflexible
manufacturing ccll (FMC) at the Rock Island Arscnal in
Rock Island, IL (scc Hedlund, Davis and Webster 1990).
Because the FMC machines hardened stecl, small ool lives
arc expected, increasing the number of tool transfers. In
addition, the parts to be manufactured arc very complex.
The number of tools required for cach fixturing step is
variable, and this number can aclually exceed the number
of positions available for storing tools at the machine. The
mcan number of tools required for processing cach fixture
was between 10 and 20 in this study, but this mean is
obviously dependent upon the mix of parts considered.

There arc also no common (ools that can be shared in
the processing of more than onc part type which again
significantly incrcases both the number of 1ools that must
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be considercd and the number of tool transfers. Finally, the
number of parts of a given part type that could be mounted
upon a fixture is also variable with up to eight parts being
mounted upon a given fixture. Therefore, the tool life
rcquircd of each tool to process the parts upon a given
fixturc represents a variable quantity dependent upon the
number of parts actually mounted upon the fixture.

An asscssment of the ability of two different proposed
tool transporter systems to adcquately deliver tools was
desired. While the previous work (Hedlund, Davis and
Webster 1990) examined the effects of speeds and the
different tool delivery systems, this paper will expand the
study to assess the performance dependence upon the
number of operating machincs, the inclusion of machinc
maintcnance and brcakdowns considerations, and an in-
crcasc in the tool magazine size.

2 SYSTEM DESCRIPTION

The proposcd FMC illustrated in Figurc 1 is used to
machinc a large varicty of hardened stecl parts and asscm-
blics. The major components of the FMC considered in this
study arc:

+  TheKcamey and Trecker 800 Milwaukee Matic milling
machines, referred to as the “front” machincs,

«  The Kearney and Trecker Orion 2300 milling ma-
chines, referred (o as the “back” machincs,

* A ool storage carouscl, and

+ A ool delivery system.

Smaller parts are machincd on the front machines. These

parts arc often then welded into larger assemblics that arc

nextreturned to the FMC at the back machines for further

machining. Other large parts arc also machined on the back

machines. In every case, the parts are fixtured, and cach

fixturc requires processing on only onc machinc of a given

type.

Part scheduling is designed to reduce tool movement.
The basic scheduling logic is as follows. A ncw part s first
scheduled to a machinc where the same part type has
alrcady been assigned and the required tools arc available.
Ifthisis notpossiblc, the partis then scheduled atamachine
with the lowestamountofl processing time currently assigned
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Figure 1: Layout for the Proposed FMC at the Rock
Island Arsenal Using a Monorail Robot

toit. If during production, a machine becomcs idle, parts
can be rescheduled 1o it provided that no processing upon
the part has taken place. The desire of the included
assignment job policy is to minimize tool movement, while
simultancously maximizing machine utilization.

Parts scheduled for production at a front machinc arc
fixtured at a common load/unload station. A lincar trans-
porter then moves them to either the assigned machinc or Lo
acommon queue. There is no local space for the storage of
Jobs at each of the front machines. However, a common
queue for the front machines can hold a maximum of
sixteen pallets. Therefore, only the job that is in-proccss
canreside at a front machine. After processing, the lincar
transporter brings the parts back to the load/unload station.
There they are removed from the fixturcs and cither
refixtured or exit the system. Up to three fixturing steps
may be required for a given part type, but this number is
again part dependent. Parts scheduled for onc of the back
machines are fixtured at an individual fixturing station for
cach machine. The local storage queucs for cach of the
back machincs can hold a maximum of five pallets

Each machine has its own tool magazinc for storage of
tools with either 68 pockets for the front machines, or S0
pockets for the back machines. In addition, the auxiliary
tool carousel, located between the frontand back machines,
and a remote tool crib, where the tools are asscmbled and
inventoricd, also store tools. Toolsarecurrently transportcd

manually between the tool carouscl and the tool crib al-
though an automated guided vehicle system has been
proposcd for this task as indicated in Figure 1.

A 100l handling robot will transport tools within the
cell between cach machine's tool magazine and the ool
storage carousel located between the machines. Two types
of 100l transport configurations arc considered: an over-
hcad monorail robot and an overhead gantry robot. The
overhead monorail robot would run on an oval track around
the tool carousel, see Figure 1. The overhead gantry robot
would run along two parallel tracks and also be capablc of
movement from side to side.

Since short tool lives and other machining constraints
require many tool transfers, evaluating the ability of the
ool handling system to adequatcly supply the machincs
with the necessary tools is the main focus of this study.

2.1 Previous Research

Previous studics (sce Hedlund 1990 and Hedlund,
Davis and Webster 1990) dctermined that although the
original focus of the study was on the effectivencss of the
tool transporter system, modeling of the tool handling
system alone would not have allowed its interaction with
the other parts of the FMC to be properly investigated.
Since the tool transporter usage is heavily dependent on the
scheduling of part production within the system, the modcl
had w include this dependency. The FMC was determined
1o bc 0o complex to employ mathematical modeling.
Therefore, the simulation language SIMAN (Pegden,
Shannon and Sadowski 1990) was choscn to model the
system. FORTRAN-bascd subroutincs arc used to modcl
the more complex logic associated with partscheduling and
ool transport.

The simulation includes tool movement duc to:

*  Tool wear and replacement,

«  Changes in part types, and

«  Machinc 100l magazincs ncaring capacity.

In addition, tool arrivals and rcmovals from the system arc
considered by the modeling of the remote tool crib. Tool
wear rates are derived (rom data obtained in a scparate
study at the Rock Island Arsenal.

The developed simulation model is cxtremely de-
tailed. An inventory of the included controllers in the
proposed system cxceeds sixty in number. The detailed
intcractions among these controllers are included within
the simulation model to insure that a realistic portrayal of
the system operation would be achicved. For example, (o
unload a tool from a machine's magazine, there must be a
coordinated interaction among the machine magazine and
tool exchanger controllers, the tool storage carouscl con-
troller and the overhcad tool robot controller. Themodcling
of the machining of the parts details the loading and un-
loading of the essential tool for cach processing step as well
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as carefully accounting for the remaining tool life for each
tool employed in the processing. Detailing these interac-
tions as well as the control logic being executed by each
included controller is certainly beyond the scope of this
paper. Nevertheless these definitions were essential to
executing the more global scheduling and resource alloca-
tion strategies.

To keep the system operating smoothly and increase
machine utilization, tool movements between the machine
tool magazines and the tool storage carousel were assigned
priorities. Tools being removed from a nearly full maga-
zinereceived the highest priority to preventdead-lock. The
next priority was given to tools immediately needed for
processing at a machine. The lowest priority was assigned
toall other tool movements, such as the removal of worn or
unneeded tools. The model is also designed to permit tool
sharing between machines which allowed the same fixture
type to be processed simultaneously on two machines using
one ensemble of tools. In some cases, as noted earlier, the
essential tooling to complete the processing for a fixture
could not be entirely stored in the machine carousel. In this
situation, tools that are no longer needed for processing the
fixtured parts are removed and replaced with tools required
later in the processing. Therefore, the developed priorities
for scheduling tool transfers had several requirements to
satisfy. Although global priority schemes were developed,
these strategies are actually implemented with the logic of
individual controllers and the modeled interactions among
the controllers.

Because the data were notavailable, part order arrivals
to both the front and back machines are assumed to obey
cxponential distributions. This choice also maximizcs the
variability in the job arrival stream. However, this choice
of the arrival distribution likely had little effect on the final
results since the arrival rate for each experimental con-
figuration was individually increased until the system was
saturated. In this manner, the maximum throughput for
each experimental configuration was sought.

The three experimental factors studied to determine
their effects on the FMC’s performance were: the tool
transporter speed, the tool carousel speed, and the type of
tool transporter. Since three tool transporter speeds, two
tool carousel speeds, and two tool transporter types were
considcred and two independent replications were gener-
ated for each possible set of parameters, a total of 24
experiments were performed. Each simulation trial con-
sidered approximately two month's production beyond a
warm-up period to minimize the initial transient effects.

Results showed that throughput increased as the
transporter and the carousel speeds increased, and in most
cases, the gantry robot outperformed the monorail robot.
Average machine utilization ranged from just over 30% in
the worst scenario to 60% under the best scenario. In no
case was the desired machine utilization of greater than

75% achieved. This suggested that the considered tool
transport systems were inadequate. Recommendations to
further study the system will be given in the conclusion. We
will now discuss the results of the expanded simulation
study.

3 EXPERIMENTAL RESULTS
3.1 Changing the Number of Machines

Although previous experiments suggested that the tool
transporter system would not adequately supply tools to the
machines, further experiments were needed to fully explore
the proposed system’s capabilities. New information on
the system indicated there would be two front machincs
instead of three. The study was then generalized to analyze
the production constraints arising from the tool handling
system as a function of the number of operating machines.
In particular, the number of both front and back machines
were varied and the initial experiments were repeated.

Machine configurations of one front and three back,
two front and three back, two front and four back, as well
as the original three front and four back, are compared. The
speeds of the floor carousel and tool transporter are varied
for both the proposed alternatives of a monorail or a gantry
tool delivery system. A total of 48 different parameter sets
were run, each replicated twice, giving a total of 96 simu-
lation experiments. As in the previous experiments, the
system was saturated with parts to determine its upper
production limit.

The results of these new experiments, summarized in
Figures 2-9, concur with the previous analysis' conclusion

1.0

average tool transporter utilization

three.four

one.three two.three two.four
number of front and back machines

Figure 2: Average Tool Transporter Utilization for Each
Machine Configuration
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Figure 3: Average Parts through the System per Ma-
chine vs. Tool Transporter Speed for Each Machine
Configuration

that the tool transporter is limiting the number of parts that
are produced by the system. As the total number of
machines decrease from seven to four, the average tool
transporter utility decreases from 88% 10 61% as shown in
Figure 2. Concurrently, machine utilizations increase.
Figure 3 compares the mean number of parts through
the system per machine for both monorail and gantry tool
transporter systems versus transporter speeds for cach of
the four different machine configurations. The cffects of
the differcnt flour carousel speeds are not shown in this
figure and have been averaged in the throughput data. Inall
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Figure 4: Average Parts through System vs. Tool
Transporter Speed for One Front and Threc Back
Machincs

situations, the gantry outperforms the monorail system,
cxcept a one front and three back machine configuration
with a tool transporter speed of 60. However, higher tool
transporter speeds show less difference between the two
types of systems as more parts per machinc are processcd,
given the same tool transporter speed. The higher amount
of parts per machine helps offset the lost production from
using fewer machines. This observation suggests tool
handling is less constraining on the system at higher tool
transporter speeds.

More detailed information on the average number of
parts through the system per machine versus transporter
speeds can be seen in Figures 4-7. Figures4 and S show the
average number of parts through the system per machinc
versus tool transporter speed for a one front and a three
back, and a two front and a thrce back machinc configura-
tion, respectively. For a tool transporter speed of 20, there
is a small difference in average parts per machine for each
of the different floor carousel speeds (indicated as being
cither 25 or 40 feet per minute beside the word "carouscl”
in the legend) and tool transporter types, while for tool
transporter speeds of 40 and 60 little discernible difference
isapparent. Thus, no marked incrcase in throughput occurs
as the tool wransporter speeds increases. This situation
ariscs from the tool transfer constraints being less binding
when fewer machines are 1o be serviced. This factis further
cvidenced in that the greater marginal throughput is gaincd
when the transporter speed is increased from 20 o 40
versus from 40 to 60.

Figures 6 and 7 also show the average number of parts
through the system versus two transporter speeds for two
front and four back and three front and four back, respec-
tively. However, these graphs show that average part

3000
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W monorailicarousel 25
monorallicarousel 40

2000 J

1000 1

average parts through system per machine

tool transporter speed (t/min)

Figure 5: Average Parts through System vs. Tool
Transporter Speed for Two Front and Three Back
Machincs
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Figure 6: Average Parts through System vs. Tool
Transporter Speed for Two Front and Four Back
Machines

throughput per machine is highly dependent on the type of
tool transporter, the tool transporter speed, and the floor
carouscl speed. More throughput was obtained with higher
speeds and a gantry configuration. Bccause the marginal
increase in part throughput in going from 20 to 40 is similar
to that of going from 40 1o 60 (cspecially for the three front
and four back machine configuration), the tool transfer
constraints are significant. Thus, as the number of ma-
chines increases, the type and the speed of the tool trans-
porter become more important in affecting the number of
parts through the system per machine. Similar results were
found for floor carousel speeds.

It is also important to observe how cach of the ma-
chines is cmployed during the simulation runs. In Table 1,
the12 parameter specifications are provided for the simu-
lation runs performed in this phasc of the analysis. In
Figurcs 8 and 9, the spindle status is broken into four
classifications that were observed over the duration of the
simulation run for the one front and three back machincs
and three front and four back machine configuration, rc-
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Figure 7: Avecrage Parts through System vs. Tool
Transporter Speed for Three Front and Four Back
Machincs

spectively. The four status configurations that were con-
sidered arc no parts scheduled (idle), part or ool being
transferred, waiting for a 100l Lo arrive at the machinc, and
the spindlc-up (cutting) ime. For the onc front and three
back configuration depicted in Figure 8, the spindlc-up
time averages well over 50% across all 12 parameter
settings that were considered. In the same figure, the
percentage of time that the spindle is waiting for a tool to be
delivered to the machine is significantly less than 10%
across the 12 parameter settings.

For the three frontand four back configuration depicted
in Figure 9, the average spindle-up percentage has signifi-
cantly decrcased. Furthermore, the spindle-up percentage
is certainly more dependent upon which parameter sct is
considered. Similarly, in Figure 9, percentage of the time
that the spindle is waiting for a ool o be dcelivered has
significantly increascd. Itisclear,in Figure 9, thatthe ool
delivery constraints are critical to the performance of the
system.

Thesc analyscs show that the investigated ool delivery

Parameter Settings
(two replications each)

Monorail (paramcters 1-6)

Gantry (paramcters 7-12)

1,7: Carouscl = 25 Transporter = 20
2,8: Carouscl = 40 Transporter = 20
3,9: Carouscl = 25 Transporter = 40
4,10: Carouscl = 40 Transporter = 40
5,11: Carouscl = 25 Transporter = 60
6,12: Carouscl = 40 Transporter = 60

Table 1: Paramcter Settings for Machine Configuration Experiments
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Figure 8: Breakdown of Machine Utilization for Onc
Front and Three Back Machines

systemsare inadequate for the originally proposed machine
configuration as depicted in Figure 1. However, as the
number of machines decreases, the type of ool delivery
system becomes Iess critical, as does the ool transporter
and floor carousel spceds. Certainly, additional tool deliv-
cery systems must be investigated to sufficiently supply
tools to the machines. Onc potential system mightemploy
two monorail robots. The consequences of considering
other alternatives arc discussed in Scction 4.

3.2 Machine Maintenance and Breakdowns

Rock Island Arscnal currently performs four levels of
scheduled machine maintcnance. Each level of scheduled
maintenance is more rigorous and requires more time than
the previous level.  The type and duration are shown in
Table 2. Since the simulation experiments considered only
atwo month period because of the length of time requircd
to complete a simulation trial, only monthly maintcnance
was modeled.

Level of Duration
Maintenance (Hours)
Monthly 2
Quarterly 25-30
Semi-Annual 30-40
Annual 60

Table 2: Levels of Maintenance and Their Durations
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Figurc 9: Breakdown of Machine Ulilization for Three
Front and Four Back Machincs

The modeled maintenance cycle begins cvery thirty
days with onc of the front machincs and proceeds with the
remaining machines in two-hour intervals, until all ma-
chincs have been serviced. If the machine is currently idle,
maintcnance begins immediately, otherwise the mainte-
nancc begins after the current fixture in processing has been
removed (rom the machine. During maintenance, tools or
jobs cannot be taken to or removed from the machine’s ool
magazinc or queucs, respectively.

Intervicws with Rock Island Arscnal staff revealed
that machine brcakdowns on currently installed machines
routincly occur on an average of oncc a week for cach
machinc. Most of these breakdowns arc minor. Down-
times arc usually short, averaging two hours. The two
common rcasons given for a machine breakdown are lost
power and switch failurcs.  Although morc scrious me-
chanical failures causc much longer downtimes, these
cvents are rare and were not considered in this study.

Ifhistorical dataon machinc breakdowns in the system
isunavailable, Law suggests usinga Gammadistribution to
gencrate the occurrence of a machine breakdown and its
resulting downtime (Law 1990).  This procedure was
adopted in our study.

Results from these experiments were inconclusive in
assessing the effect of scheduled machine maintenance and
machinc breakdown on the system and will not be discussed
in detail.  In genceral, if the system was alrcady being
constrained by the tool transporter systcm which is the
usual case, then the minor reduction of machining capacity
arising from the consideration maintcnance and break-
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down resulted in similar throughputs realized in the studies
where maintenance and brcakdowns were not considered.
The experimental results of this study again substantiated
the fact that the tool transport system, not the machining
capacity, was the critical resource to the production
throughput.

3.3 Modifying Machine Tool Magazine Size

In an attempt to reducc the criticality of the tool
transporter system, the tool magazine sizes were next
doubled permitting more tools to be stored ateach machine.
Through this modification, it was conjectured that there
would be a reduced need to offload tools from a given
machine when a new fixture type was scheduled for pro-
duction, and thus, the number of tool transfers would be
reduced.

The machine tool magazine capacitics for the frontand
back machines were thus increased to 136 and 100 tools,
respectively. Because the larger magazines would resultin
longer tool search times at the machinge, the modcled scarch
times were also incrcased. Experiments were run for only
onc tool transporter speed and one floor carousel speed.
Both thc monorail and gantry configurations werc con-
sidered. Eachexperiment wasreplicated twice with different
random number strcams. A total of 8 experiments werc run.

Few conclusions could be drawn from the experiments
with the larger tool magazines. Figurc 10 shows the
average number of jobs through the system for both tool
transporter systems using both the original magazines and
the larger magazincs. The larger magazines appear (o
process slightly more jobs, but the difference is not signifi-
cant. This is especially truc for the results employing the
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Figure 11: Average Machine Utilizations for Each Tool
Transporter Typc

ganlry ool transporter.

Machine cutting utilizations do not significantly change
for the larger tool magazines. From Figurc 11, average
machine cutting utilizations are higher for the larger maga-
zines with a monorail tool transporter and slightly lower
with a gantry tool transportcr. Thus, the larger magazines
appear to have no overall cffect on machine cutting utiliza-
Lion.

The number of tools moved per job processed de-
creases with larger tool magazincs. Figure 12 shows thatby
increasing the magazinc size, fcwer tool movements arc
nccded on average to process a job. The larger tool storage
at cach machine cvidently reduces the amount of tool
movements due to overcrowding.

3

7 normal machine tool magazines
doubled machine tool magazines

%

07

average number of tool transporter moves/part

monorail gantry
tool transporter type

Figurc 12: Average Number of Tool Transportcr Moves
per Part for Each Tool Transporter Type
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While the larger tool magazines do provide morc
storage at each machine, this capacity has little or no effect
on machine cutting utilization and job throughput. This
result may occur because most tool movement in the system
is due to job processing and tool wear rather than over-
crowding at machine tool magazines. In addition, assign-
ment of jobs to the machines does not currently consider if
the tools needed for processing are currently at a machine.
Rather, the simulation only checks if a similar part type has
currently been scheduled to a machine. If this is not the
case, the machine with the smallest scheduled production
backlog is selected. This fact may reduce some of the
potential advantages that can be derived from larger tool
magazines. Modifying the controller codes to compare the
current tooling at each machine against the tooling required
to process the fixture represents a major modeling and
programming effort and was not addressed. Nevertheless,
because of the larger tool magazine capacity, tool move-
ments per part produced did decrease slightly.

4. CONCLUSION

The large capital investment required for FMCs make
a thorough analysis of the cell a must before any design is
finalized. Because these cells are often complex, simula-
tion modeling is an excellent tool to help predict cell
performance. Criteria such as output, throughput time, and
machine utilization can be obtained through simulation and
used to measure cell performance.

A simulation study of a proposed FMC at the Rock
Island Arsenal showed it to be incapable of meeting expec-
tations. Specifically, the proposed tool transporter system
was unable to adequately provide the tools for the ma-
chines, resulting in low machine cutting utilizations. The
proposed automated tool transporter was rejected and the
current manual delivery system has been retained.

There are, however, other configurations for the ool
transport system that remain to be considered. In particu-
lar, it was desired to investigate the use of two overhead
monorail robots instead of one to transfer tools between the
machine magazines and the tool storage carousel. If this
option was to be considered, it was felt that two storage
carousels would be advisable. The present configuration of
the FMC depicted in Figure 1, however, is also not ideal,
particularly if two storage carouscls were adopted. The
idcal situation, would have the K&T 800's at one cnd and
the K&T 2300's at the other. In this manner, one storage
carousel could be dedicated to the K& T 800's and the other
to the 2300's. The size of the carousels could also be
reduced with an associated reduced time to spin the carou-
sel to the appropriate position for exchanging a tool. Sincc
the machines are in place, it is totally infeasible to consider
repositioning of the machines.

Although scveral other potential alternatives for the
ool handling system have been defined, none have yetbeen
investigated through simulation studies. To modify the
current simulation models to incorporate the suggested
modifications in the tool delivery system would require
nearly a complete rewrite of the existing simulation code,
requiring several man years of cffort to analyze cach
alternative. This situation arises from the fact that the
control logic for each controller is distributed throughout
the model. Current simulation tools are not designed to
effcctively model the interactions of the controllers, rather
they are designed to model the flow of entities. In thiscase,
the modeling is further complicated by the fact that there
are two major classes of entities that need to be character-
ized, jobs and tools. Thus, two distinct definitions of
entities were used throughout the SIMAN (Pegden, Shan-
non and Sadowski 1990) modcl.

Perhaps the major observation made in this study is the
inadcquacy of current simulation tools. The modeling of
the flow of entities is no longer a viable approach to
modcling automated manufacturing systems. In these
systems, the flow of entities is being orchestrated through
the interaction of controllers rather than the flow of entitics
controlling the controllers. Ncw generations of simulation
Lools arc absolutely esscntial to model the interaction of the
controllers. To make accurate performance projections for
automated systems, we must detail the consequences for all
relcvant constraints associated with the operation of the
systecm. Presently, we are neglecting many of these con-
straints because the simulation toolsdo notexisttoexpedite
their consideration. As a consequence of neglecting con-
straints, we are likely overestimating the expected perfor-
mancc of these systems.

As an example, the prime contractor for the FMC
pictured in Figure 1 provided simulation studics which
projccted machine utilization in cxcess of 70%. These
projeccted utilizations have not been achieved in practice,
and the detailed simulations performed in this study appear
1o state that they cannot be achicved. The authors do not
belicve that this situation represents anisolated instance. In
our discussions with othcr manufacturers,a nearly universal
complaintis that the realized performance hasnotachicved
the projected performance made in the planning simulation
studics. Certainly, more dctailed simulation models arc
required to provide improved cstimates.
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