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Performance analysis modeling can provide the means
of ensuring cost-effective engineering and operation of
manufacturing lines. This article presents the basic
concepts of performance analysis modeling and illus-
trates its application to the design, engineering and
operation of manufacturing systems. A particularly ver-
satile tool for performance analysis of manufacturing
systems, the Performance Analysis Workstation, is
also discussed. Finally, comments on future trends in
performance analysis modeling are given.

Performance Analysis Modeling

Performance analysis modeling is the use of abstract mathe-
matical or simulation models to quantify certain aspects of a system’s
performance. These models are abstract or mathematical models, not,
e.g., the building of system prototypes. Prototyping is, however, often
an essential part of the design and development process and can con-
tribute significantly to the characterization of system performance. Our
models are abstractions of the system under consideration, generally
accompanied by some mathematical expressions or realization scenario
that allows us to simulate the behavior of the abstract model.

Another key term is quantification. Performance analysis
models allow one to make quantitative statements about system per-
formance (e.g., system throughput in circuit packs per hour, or
expected work in progress). They are also extremely useful in compar-
ing the relative performance of design or operating alternatives.

It is generally not possible to build one performance model that
will answer all performance questions. These models can examine only
certain aspects of the system at a time. Indeed, a precondition to con-
structing an appropriate performance analysis model is the specification
of the performance questions it is expected to address.

Performance models are useful because they are cheaper and
easier to build than actual systems, they are cheaper and easier to “per-
turb” than actual systems, and sometimes they can yield important
insights into system performance that would not be readily obtained
even by studying the system itself. The importance of these concepts to
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the design, development, engineering and operation of
computer and communications systems has been recog-
nized for some time. They are of equal importance to
manufacturing systems as well.

When To Use Performance Analysis Models. Perform-
ance analysis models are used throughout a system’s life
cycle. Models should be introduced early in the design
phase so that they can help determine system viability.
The following is an example. A planned line may be
required, for economic viability, to produce circuit packs at
a rate of 20,000 packs per week on average with an inter-
val of two weeks and also with the capability of responding
to peak throughput demands of 30,000 packs per week for
a limited time. Can the planned line meet such require-
ments? Performance analysis models can answer such a
question.

During development and implementation of the
line, performance analysis models can be used to address
various tradeoff questions. Questions such as: Is it prefer-
able to use cheaper insertion machines that may have
longer down times or to use more expensive but more reli-
able machines? Or, what is the quantitative tradeoff
between work-in-progress costs and investment in line
capacity?

Performance analysis models can be used for the
engineering and operation of the line to help determine
such factors as the buffer space needed for storage
between machines, the optimal allocation of common
buffer space, or optimal loading and code scheduling.
Other analyses could include: the most economical method
of meeting special code mix requests or of increasing line
capacity either temporarily or permanently.

Tools of the Trade

Performance analysts use a variety of sophisti-
cated mathematical methods and tools as the fundamental
building blocks for macro as well as micro models. These
methods are borrowed from various disciplines including
applied probability, stochastic processes, queueing theory,
scheduling theory, control theory, optimization theory and

various tools common to operations research, such as
mathematical programming. Often the performance ana-
lyst must be creative in selecting the abstract model from
these disciplines that will fit a given physical system. In
addition, it may be necessary to develop new tools when
those available do not adequately characterize system
performance.
Fortunately, these disciplines have been used to
construct macro modeling tools of quite broad applicability.
Such tools have made it considerably easier for engineers
to develop needed performance analysis models. Perhaps
some of the most useful macro tools are those based on
the concept of queueing networks.
Queueing Network Models. The nature of manufactur-
ing systems often means that they naturally fall into the
modeling scope of queueing networks. In addition, there
are many good software packages that can readily provide
solutions once the analyst has constructed an appropriate
model. From a macro view, a queueing network model con-
sists of a set of work centers or service centers where
servers (e.g., a set of insertion machines or test sets) pro-
vide service to arriving jobs {e.g., insert components in
arriving boards) together with a connectivity that specifies
the allowable flow of jobs (Figure 1).
The micro level adds needed details that charac-
terize each service center. These details could include: the
number of machines at the center, the various kinds of
jobs that can arrive, the time needed to process a job of a
given type, where each job is to be sent after service, or,
the amount of buffer space available to store arriving jobs.
Perhaps the best way to illustrate these concepts
is to closely examine the model in Figure 1. The figure
shows the topology of a macro model of a maufacturing line
with seven work centers:
= A Label center, where boards are labeled,
= [nsertion center 1, where certain components are
inserted on some boards,

= Insertion center 2, where all boards have additional
compounds inserted,

= A Solder Machine center,
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= A Test center, where completed packs are tested,

= A Repair center, where defective packs are repaired,

= A Shipping center, where all packs that have passed
testing are sent for packing and shipping.

Within this model the performance analyst can
further specify what kind of jobs arrive at each center,
what facilities are available to process them, how they are
to be processed, where they are to go after processing at
each center, etc. For example, at the Label center, the
analyst may specify that there is a single labeling machine
and that the time it takes to label a board is the same for
all boards. There might be two classes of circuit packs
(codes) to be made. Some would go to Insertion center 1
after labeling while others would go directly to Insertion
center 2 after labeling. In addition, the model would need
to specify an arrival rate for boards of each type. Perhaps,
this would be 2,000 boards of each type loaded at the
beginning of each day.

Other specifications might be: how much room
there is to store arriving boards, and what is to be done if
either the storage area for boards arriving to the Label
center is full or the storage areas at the Insertion centers
are full. (In this latter case, the resulting action might be to
stop labeling new boards. ) Finally, other items can be spec-
ified for the label machine, including how often the
machine might breakdown, how long it would take to
repair, and what the setup time would be. Such items are
somewhat random and need to be specified via probability
distributions.

Similar items for other work centers would also be
specified, as well as additional items that might be unique

to various centers. For example, at the Test center, the
performance analyst might need to specify the defective
rate for each pack. This would define the probability that a
pack would need to be sent to repair. At the Shipping cen-
ter, it might be necessary to accumulate a given number of
each circuit pack type before packaging and shipping, etc.

Obtaining a Solution. While the example shown in
Figure 1 may seem simple from a manufacturing view-
point, it already represents a level of model sophistication
for which exact analytic solutions cannot be obtained.
Indeed, even obtaining a good approximate solution for
such a model is a formidable task. There are, however,
simulation modeling tools that can be used to obtain per-
formance measures for such models.

First, it is important to examine the three poten-
tial solution methods: exact analytic, approximate analytic,
and simulation. It is only in a limited number of cases that
queueing network models (and most other performance
models) can be specified via exact mathematical expres-
sions. However, often the simplifying assumptions that are
needed to obtain exact analytic solution, while not strictly
valid, are nevertheless reasonable to make during early
system analysis. During this time, only rough estimates of
factors such as throughput and interval might be needed.
Moreover, during early system design, one often has only
rough estimates of many of the quantities needed for mod-
eling. Hence, it may not be cost effective from a
performance modeling viewpoint to make more detailed
modeling assumptions.

In some cases, even during early design, certain
assumptions needed to yield exact solutions are known to
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be invalid yet critical to system performance. In this case,
it may be possible to use some of the well-known approxi-
mation methods for queueing models. Indeed, even when
simulation methods are employed, analytical solutions and
approximation methods may be valuable supplements to
narrow the scope of the analysis.

For example, the Repair center of Figure 1 may
be a simplified version of a more complex (and accurate)
model of the Repair center. In Figure 2, the Repair center
is expanded to include an Analyze center, an Integrated
Circuit Repair center, and a Touch-up center as well as an
alternate Bench Repair center. Statistics could be gathered
from the solution of this model and then used to obtain a
“typical” mean and variance for the time in this complex
repair center. These items would then be used as inputs to
characterize the simple repair center model of Figure 1.
This powerful approximation technique is often referred to
as decomposttion.

Analytic methods can serve another important
purpose. Often it is useful to evaluate many engineering
alternatives via quickly solved analytic models (perhaps as
part of an optimization scheme). The performance analyst
can then use more accurate simulation models to evaluate a
few of the seemingly best alternatives.

Thus, to provide appropriate performance analysis
for even a single line, it may be appropriate to use a combi-
nation of various analytic and simulation models. This
could mean that several modeling tools and analyses might
be needed. Fortunately, there is at least one available tool
that can simplify the modeling process: the Performance
Analysis Workstation.

The Performance Analysis Workstation

The Performance Analysis Workstation(PAW)*2 is
a growing suite of interactive tools for carrying out the
performance analysis of manufacturing as well as computer
and communications systems. Developed by the Perform-
ance Analysis department at AT&T Bell Laboratories, it is
currently in wide use among AT&T development and sys-
tems engineers as well as engineers at many of AT&T’s

manufacturing locations. (A version of this workstation is
available to non-AT&T organizations through the UNIX®
System Toolchest.)

The Performance Analysis Workstation runs
under the UNIX operating systems and requires a 3B or
VAX host together with a Teletype® DMD 5620 terminal.
Visual models are built on the screen using a mouse. Once
the topology is specified, appropriate parameters for each
of the workcenters are entered via a user friendly form
entry system. On-screen guidance is provided to the user
at all times.

A host of useful statistics-gathering modules can
readily be invoked and their results displayed graphically as
simulation time evolves. The animated simulation provided
is extremely useful for debugging and for gauging the per-
formance of the system. At any time, the simulation can
be stopped and parameters or structural changes added
(e.g., a breakdown) and then the effect can be observed.

The simulation capabilities are quite sophisticated.
New features, responding to the need for modeling manu-
facturing systems, are always being added. The system is
well documented and easy to learn to use. In addition,
training courses are available through the Performance
Analysis department, although only within AT&T at this
time.

Although PAW’s modeling capabilities are exten-
sive, there are many times when the use of supplemental
analytic models can be very useful. For this purpose, PAW
also provides a common interface to two useful analytic
packages developed at Bell Laboratories for solving
queueing networks. One is PANACEA,? which can provide
exact analytical solutions to a wide class of “product form”
networks. The other analysis package, QNA,* provides
approximate analytic solutions to an important class of
queueing networks for which exact solutions are not
available.

In addition to PAW, there are, of course, many
other simulation packages that are widely used for analyz-
ing models of manufacturing systems. Most notable are
IDSS5 and SIMAN. ¢ More general-purpose simulation lan-
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guages such as GPSS and SIMSCRIPT are also widely
used.

Examples

The following examples have been greatly simpli-
fied, but they are based on actual performance analysis
modeling efforts undertaken to support existing and
planned manufacturing systems at various AT&T manufac-
turing locations.

System Design and Capacity Planning. Many lines built
inrecent years by AT&T and many other corporations are
based on the in-line manufacturing concept. These lines
tend to use highly automated insertion machines, material
handling, and shop floor control. In an effort to enhance
interval control, most provide for only a relatively small
buffer area between service centers. While these lines are
ideally suited for high-volume production, it is also desira-
ble to make use of any capacity not needed by high-volume
codes to process lower volume runners that might be
needed to form the final assembled product.

Figure 3 is a reproduction of a computer screen
showing a performance analysis model built using PAW.

The analysis addresses several performance questions dur-
ing the capacity planning process for such a line. (For
simplicity, the model for the test area is not included.)

Method 1. This particular model corresponds to one
of several methods studied for sharing line resources
between high- and low-volume codes. In this case, one of
each of the high-speed insertion machines (shown in the
figure as “sing” for single, through “quad,” for quadruple)
is dedicated to low-volume codes (shown as “singly,” for

example), while all others are used for high-volume code
(“hv”) production. (The terms single, double, triple, etc.
are purely for ease of identification and do not refer to any
specific feature of these machines. )

The robot loader at the front end of the solder
machine gives high priority to high-volume codes. Shown
in the screen inset of Figure 3 are a histogram and time
series for the total queue length at the solder machines.
These were used to determine if the buffer space provided
was sufficient. In the figure, note the visual cues available
to the analyst: actual location of each code type (Iv, hv),
indication of jobs being processed (highlighted by reverse
characters), jobs waiting (plain label), jobs blocked (dim-
pled background).

Method 2. In addition to the method of mixing pro-
duction of high- and low-volume codes noted in Method 1,
two other methods were considered. Method 2 specified
the following:
= Allocate all insertion machines to high-volume codes to

maximize their insertion rate.
= After completion of a given high-volume run, produce
the appropriate number of low-volume codes.

Method 3. Method 3 differed from Method 2 in that
it specified:
= While giving preference to high-volume code produc-

tion, dynamically “mix” low-volume codes into
production as capacity dictates.

The first two methods listed can readily be imple-
mented via PAW models and their performance can be
compared. For example, the results in Table I show the
length of time needed to produce the expected weekly pro-
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duction quotas at a particular point in ramp up.
While there is potentially more capacity to be

gained with Method 3, its implementation requires more

complex scheduling. Given the code production goals,
machine set-up times, code processing times, etc., one
must schedule high-volume code production so that the

excess machine capacity is available for low-volume code
production in reasonably large chunks. Otherwise, the
overhead of additional set ups could destroy any potential
for increased capacity.

Accordingly, a software package, Scheduling Eval-
uation System for Automated Manufacturing Environments
(SESAME) was developed. Figure 4 shows one of the out-
puts of this package and the information it provides at each
work center. As indicated in the figure, a feasible schedul-
ing algorithm of this type could provide up to a 20-percent

Figure 4. Feasible
scheduling for an
insertion machine.

Table I. Machine Availability

100% 95% 0%
Method 1 12.5 13.3 14
Method 2 14 14.5 15

Time (in shifts) to complete weekly production of codes

increase in system production capacity. However, from a
capacity planning viewpoint, it was decided to assume the
simple schedule of Method 1 because it could provide the
same capacity as Method 3 with a very modest addition of
capital investment. Method 3 does provide an important
solution to any unexpected demand for quickly increasing
system production capabilities.

Having chosen Method 1, a PAW model was used
to ensure that the planned system would meet the desired
production ramp up. Results obtained from this model are
summarized in Figure 5. Shown is the ramp up in capacity
desired as well as the predicted line capacity. The first line
change, resulting in the desired capacity increase at the
start of second quarter, is accomplished by adding an addi-
tional single insertion machine. The addition of a double
insertion machine at the start of the third quarter does not
significantly increase capacity (because it is not the bottle-
neck). It does, however, enhance availability and is needed
in addition to another triple insertion machine in order to
reach the desired year-end capacity.

As noted earlier, when a wide range of parameters
are to be studied for a line, it is desirable to have at least
an approximate analytic method available in order to do
some preliminary performance analysis. An approximation
technique was developed for this line. For a discussion of
that approximation, as well as its application to in-line man-
ufacturing lines, see Reference 7.

Line Engineering and Operation. One of the key meth-
ods being employed to help control manufacturing intervals
is the provisioning of relatively small storage areas for
work in progress. This allows lines to obtain some of the
important benefits of pure pull systems and (if well
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Figure 5. Capacity
planning curve.
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designed) not suffer excess capacity loss because of idling
machines. However, finite buffers between work centers
can greatly complicate the performance analysis of lines.
While this is true for in-line systems (see Reference 8), it
is even more crucial for flexible manufacturing lines in
which many different codes of small lot sizes need to be
processed.

Figure 6a shows three Service centers that proc-
ess two different codes. Code O takes 0.1 time units at
Service center 1, 0.9 time units at Service center 2 and
0.75 time units at Service center 3. The corresponding
values for Code X are 0.9, 0.1, 0.75. These differences are
not atypical, particularly in a flexible manufacturing envi-
ronment. This also assumes two buffers are available at
the input to each Service center for storage.

In Figure 63, it is assumed that a lot size of 100 is
used. As shown in the figure, this results in a system
throughput of one production unit per second and a maxi-
mum machine use of 75 percent at Service center 3.
Figure 6b shows that if the lot size is reduced to one, the
capacity will increase by one third. It is true that some of
this capacity would be lost because of increased setup time
associated with smaller lot sizes. However, there is proba-
bly a lot size smaller than 100 that will result in an increase
in capacity.

Now consider the same three Service centers
when required to produce 200 codes. For simplicity,
assume that 100 of these codes have processing times like
those of Code O and the other 100 like Code X. If the pro-
duction cycle consists of producing the first 100 codes in
lot sizes of one followed by the latter codes in lot sizes of
one, the capacity will be 1/0.9. If on the other hand, we
produce one lot of the first type followed by one lot of the
second type, the capacity increases by one third. In this
case, the former strategy does not even provide the advan-
tages of reduced set-up penalty.

The problem is that if these centers were part of a
larger, more complex line processing a large number of
codes with considerable diversity in processing times, the
excess capacity in the line might never have been detected.
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While PAW has been used to construct models to
study this phenomena and help engineer appropriate buffer
sizes and determine desirable lot sizes, this is another case
in which some analytic tools can be very valuable in nar-
rowing the scope for refined model analysis. One
particularly important analytic method based on linear pro-
gramming techniques is discussed in Reference 9. This
reference shows how linear programming techniques can
be used to analyze and improve the production rate of in-
line manufacturing systems.

In flexible manufacturing lines involving hundreds
of codes, simple analytic methods are harder to find. How-
ever, the insights developed from performance modeling
can be used to derive heuristics for code grouping and mix-
ing to achieve high throughput and small intervals. One
such heuristic algorithm is discussed in Reference 10. This
algorithm has been tested using simulation of a real, large-
variety assembly shop and has been shown to yield capac-
ity increases of 15 to 20 percent.

Small buffer areas provide an effective means of
controlling interval and in-process inventory, although, as
noted, performance analysis models may be essential to
ensure the effective use of valuable system resources. For
lines that have not been designed with small buffer areas,
controlled loading can provide an alternative way of reduc-
ing interval and in-process inventory. For example, Figure
7 shows an in-line manufacturing system in which the



required average loading is 200 units per week. If this is
accomplished by loading precisely 200 units every week,
we see that the average interval (determined via a PAW
model) will be 300 hours.

This rather large interval is the result of inherent
variability in line production capability caused by, for exam-
ple, machine down times. Another important source of
potential variability is the availability of components.
(Keeping a cost-effective inventory supply in the face of
uncertain lead times can be a challenge. See Reference
11.) This interval, and hence the work-in-process inven-
tory, can be significantly reduced by using controlled

Figure 6. Interaction
between scheduling,

loading based on the state of the line. In the simplest case
illustrated in Figure 7, the bottleneck work center is iden-
tified and the amount of work in process in front of this
center is used to control the input. Evaluation (again via
PAW) of the impact that this control can have on interval
(work in process) is shown in Figure 7.

The Future

The development of sophisticated performance
analysis tools is becoming increasingly vital to ensure cost-
effective performance engineering and operation of today’s
modern manufacturing lines. There is an effort to not only
increase the technical scope of available tools but also to
enlarge the user community by providing user friendly
interfaces for such tools. As more lines become fully inte-

bottlenecks and grated via computer-based information and control
capacity. systems, the tendency will be toward integrating perform-
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Figure 7. Controlled loading.

ance analysis tools into the computer systems supporting
the lines. This would provide the flexibility of obtaining
needed model inputs directly from the line’s information
support systems. Thus, workload characterization and
even model huilding could be essentially automated and
perhaps integrated into the control processes.
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