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aditional manufacturing systems for medium and
high-volume production are designed as serial lines.
Fach machine performs some of the operations
needed to complete the part, and there is only one
ﬂow path. Though this type of system is cost-effective for
medium or high-volume production, it isn’t suitable for the
new era of global competitiveness, which features large fluc-
tuations in product demand and increasing product variety.

With a serial-line configuration, entire new line. There is no guaran-

increasing the volume of production  tee, however, that the manufacturer
usually requires construction of an  will be able to double sales. If sales
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don’t increase in step with production capacity, the extra
capacity will not be fully utilized. Furthermore, the struc-
ture of the serial line fits the manufacture of one product
type, and can’t efficiently handle product variety. A serial
line also has relatively low reliability; when one machine
fails, the entire system fails. There is a need to use new
manufacturing system configurations that can respond bet-
ter to the changing market demands of this new era of
global competitiveness.

Manufacturing systems can be designed in many con-
figurations; for example serial, parallel, or hybrid. A
parallel configuration has multiple identical part flow

System Configurations

Six configurations are shown with six machines in each. To compare
these configurations, cost assumptions summarized in the table
were made, where the base costs of the machines are all the same:
$100,000. But because of the different operations required with
each machine, tooling costs will be different. The result of the com-
parison is shown in the graph below. Its X-axis shows the six config-
urations, the Y-axis shows the scale of adding capacity, and the Z
axis shows the corresponding cost for each step in the scale.
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paths, while a hybrid configuration is a mix of serial and
parallel configurations. Different configurations have
profound impacts not only on adaptability to market
demands, but also on reliability, productivity, product
quality, and cost. It’s important to understand this
impact to properly select the optimal configuration.

Given a certain number of machines, the number of
possible configurations is very high. With four machines,
for example, there are 10 possible configurations; with
five machines, 24 configurations. Each configuration
affects productivity and part quality, and requires a dif-
ferent investment cost as well as a different expansion
cost to allow incremental increases in production volume.

Until now, there has been no method available to
allow manufacturing engineers to systematically analyze
the impact of different configurations. Usually, quality
and productivity are evaluated separately. But a set of
new methodologies we’ve developed at the university"s
Engineering Research Center for Reconfigurable Manu-
facturing Systems enables manufacturers to select manu-
facturing configurations from a total system perspective.

When selecting a manufacturing system and its con-
figurations, we are concerned with the following per-
formance measures:

» System initial cost,

* Quality,

* Reliability and throughput,

e Scaleability—cost of adding capacity to adapt to
market demand,

* Number of product types that the system can produce,
and

* System conversion time between products.

Analytical or computational tools are necessary to
evaluate these performance measures. To develop these
tools, we begin with the basic models of performance for
a serial and a parallel system with two machines. Then
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for each machine is given as (Hz, of ) For a serial configu-
ration with two machines, if the operation in Machine 2 is
dependent on that of Machine 1, then the resulting quality
will be given as: o7 =0l +073.

For a system with two machines in parallel, each
machine will perform all the operations in a single setup. As
a result, the variation for the parts from each machine will
be smaller compared to that from a serial configuration.
Because of the two part-flow paths, however, statistical mix-
ing exists. As a result, total part variation generated by the
parallel configuration could be larger, depending on the dif-
ferences in the process means of the two parallel machines.

For configurations of six machines, Monte Carlo simu-
lation is used to estimate the dimensional variation from
each configuration. Assume that each machine has a capa-
bility of setting the mean to within =10 pm, and has a
repeatability of 10 pm (one standard deviation). In this
case, the configuration with the greatest number of flow
paths has the largest quality variation. Because there is
only one part flow path and no mixing exists, the serial

line has the best quality (lowest dimensional variation).

The classical definition of reliability was developed for
aerospace and electronic systems, and measures the proba-
bility of system failure. Similar definitions have been
developed for manufacturing machines and equipment.
Machinery/equipment reliability can be defined as the
probability that the machinery or equipment can perform
continuously, without failure, for a specified interval of
time when operating under stated conditions.

This definition cannot be directly applied to manufac-
turing systems because, in a parallel configuration, when
one of the machines fails, the system can still deliver 50%
of system productivity—assuming that the two machines
perform identical functions in the same cycle time.
Therefore, we introduce the term expected productivity,
which accounts for the probability of failure and the corre-
sponding productivity associated with each failure mode.

For a system with two machines, there are three modes
of failure: no machine fails, one machine fails, and both
machines fail. Where Ry and R, are the reliability of
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machine 1 and 2 respectively, the expected productivity is
the sum of the productivities weighted by the probabilities
of the corresponding failure modes. For a serial system,
the expected productivity E[P] is:

E[P]=7XR7R2+0XR1(7'—R2)+0XR2(7—R7)+0X(7—R1)(1—R2)=R1R2

which is the same as the reliability of the system.
For a parallel system, the expected productivity is

E[P]=1xR;Ry+0.5xR1(1-R p}+0.5xRy(1-R;)+0x(1-R;)(1-R )=
0.5R;0.5R,

which is a weighted sum of the reliabilities of the two
machines.

Similar models can be developed for system configura-
tions with three or more machines. The basic models with
two machines provide the basis for analyzing more complex
system configurations. For the six machine configurations
mentioned previously, reliability and expected productivity
again vary according to the complexity of part flow.

Capacity scalability is the ability to adjust the production

Impact of Configuration
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Reliability and expected productivity for the six
machine configurations discussed.
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example, if a six-machine serial line
was originally built, and an increase in
production volume is needed to satisfy
market demand, an entire new line

must be added, which will double the
production capacity of the system.

The smallest adjustment steps can
be employed when the original system
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is pure parallel, but the initial cost of
a parallel system is the highest. In a
parallel configuration, each machine
must perform all operations on the
product, and therefore each machine
must have all the necessary tools
available and be able to perform all
the required functions. As a result,
cost per additional unit of volume is
highest with parallel configurations.

Compromise is possible. For exam-
ple, if a product requires machining
on both the upper and side surfaces,
in a six-machine configuration three
machines might be three-axis vertical
milling machines, and the others
might be three-axis horizontal milling
machines. In a parallel system, all six
machines must be five-axis milling
machincs—a system that is much
more expensive.

The tradeoff is system cost versus
capacity scaleability. For a six-machine
system consisting of three machines of
each of two types, scaleability would be
performed in steps of 33.3% rather than
steps of 16.6%, as with the parallel con-
figuration. The steps involved in adding
capacity with other configurations vary
according to system configuration.

Of course, in each configuration,
theoretically, the manufacturer can add
one machine in parallel to any existing
system, which makes the addition for
all configurations equal. This is not
recommended in practice, however,
because integrating a different, com-
plex machine into a system that does
not include such machines increases
integration and maintenance costs, and
may cause part-quality problems.

In selecting a production system, a
manufacturer must take several con-
siderations into account:

* Initial system cost,

* Quality—ability of the system to
produce parts with small variation,
¢ Expected productivity that accounts
for the reliability and productivity,

* Scalability—cost of adding capacity

to adapt to market demand,
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® Number of product variations that
the system can produce, and

* System conversion time between
products.

A serial system is ranked the low-
est when considering these points—it
can only produce one product at a
time cfficiently, and it requires longer
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conversion time. The more a system
moves from serial toward parallel
configuration the better it ranks on
these two last points. As a system
moves toward parallel configurations,
however, it becomes more expensive.

A pure serial system has low relia-
bility and, in turn, low expected pro-
ductivity. It’s not recommended. A
pure parallel system is very expensive
in terms of both initial cost and the
cost for adding capacity.

If the system must produce only one
or two parts of the same family, we
recommend that you select configura-
tion “c” (see System Configurations
illustration). If the number of parts is
three or larger, we recommend select-
ing configuration “e”.

System configuration has a pro-
found effect on performance.
Although the examples we’ve dis-
cussed are from the machining

domain, the scope of our methodology
is quite general, and it can be applied
to other manufacturing domains. m

This article is based on a techni-
cal paper in the Annals of the
CIRP. Copies of the complete
paper can be obtained from S.
Jack Hu at jackhu@umich.edu.

SME publishes books and
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strates how three manufactur-
ing facilities maximized plant-
floor space efficiency to elimi-
nate waste, improve delivery
and performance, increase inven-
tory turns, and reduce cycle
time. The hardcover book Manu-
facturing Plant Layout is a step-
by-step guide to planning new
factories and plant rearrange-
ments. For more information or
to place an order, contact the
SME Resource Center at 800-
733-4763, or go to SME's Web
site at www.sme.org, and click
on the Online Store button.
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