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Abstract

In the automotive industry, it is thought that agile manufacturing systems will permit fast cost-effective responses to
unpredictable and ever-changing product demand, and support rapid product launches for previously unplanned
products tailored to meet changing customer desires. We discuss two simple decision models that provide initial insights
and industry perspective into the business case for investment in agile manufacturing systems. The models are applied to
study the hypothetical decision of whether to invest in a dedicated, agile, or flexible manufacturing system for engine
and transmission parts machining. These decision models are a first step toward developing practical business case tools

that help industry to assess the value of agile manufacturing systems.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Automotive companies must consider strategic
initiatives such as agile manufacturing systems to
compete globally and respond to dynamic custo-
mer demand. In this paper, we explore agile
manufacturing systems for engine and transmis-
sion machining applications as a key enabler in an
automotive agile manufacturing strategy. We
describe two simple decision models that help
distinguish agile systems from dedicated or flexible
machining systems (FMSs).

*Corresponding author. Tel.: +1-586-9862750; fax: + 1-586-
9860574.
E-mail address: debra.elkins@gm.com (D.A. Elkins).

Gunasekaran (1998, 1999a) describes agile
manufacturing as ‘““the capability to survive and
prosper in a competitive environment of contin-
uous and unexpected change by reacting quickly
and effectively to changing markets, driven by
customer-designed products and services.” Gold-
man et al. (1995) have a slightly different defini-
tion, with agile manufacturing allowing companies
to be capable of operating profitably in a
competitive environment of continually and un-
predictably changing customer opportunities.
Both definitions apply to the automotive indus-
try’s goals of operating profitably, and sensing and
responding effectively to changing demand trends.
Conceptually, an agile manufacturing system
allows an automotive company to re-allocate
production line capacity to products that are in
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higher than expected demand, rapidly launch new
products (not previously conceived when the
manufacturing system was designed), and yet
retain production ability for other products with
lower than expected demand.

Automotive companies are attracted to agile
manufacturing systems, because of the potential
for equipment reuse and equipment investment
cost reductions over time. The promise of equip-
ment reusability has also been associated with
flexible manufacturing systems (FMSs). For ex-
ample, Goranson (1998) defines a flexible system
as a production system capable of dealing effec-
tively with a specific (or predictable) scope of
product variation. A FMS, as defined by Askin
and Standridge (1993), refers to a set of computer
numerically controlled (CNC) machine tools and
supporting workstations that are connected by an
automated material handling system and are
controlled by a central computer. Shim and Siegel
(1999) characterize a FMS as a computer-con-
trolled process technology suitable for producing a
moderate variety of products in a moderate
flexible volume. More recently, Hallmann (2003)
describes the implementation of an FMS for
automotive parts machining that promises cost
and time effective implementation of engineering
change orders (ECOs), and thus continual process
improvement. Agile systems differ from flexible
systems in a critical way: the agile system has
capability to adapt rapidly and cost-effectively
within a predicted scope of product variation
(out of scope is ideal but impractical) to allow
future unplanned products to be manufactured.
Automotive companies have previously experi-
mented with and been disappointed by FMS for
machining applications, because the promise of
cost reductions for equipment reuse has not
materialized as expected. In practice, to respond
to changing demands, a FMS requires significant
additional expenditures and a long time to convert
or adapt to new ‘“‘unplanned” products. Thus
FMS do not meet the “agility criteria,” i.e., rapid
and cost-effective reuse in response to changing
product demands.

The remainder of the paper is organized as
follows. In Section 2, we briefly review the
technical literature on agile and FMSs. Section 3

summarizes how automotive engineers perceive
the differences between dedicated, agile, and FMSs
for engine and transmission machining applica-
tions. Two key terms, in-family flexibility and
cross-family flexibility are introduced to help
explain why automotive engineers are interested
in agile and FMSs. We propose two simple
decision models in Section 4 and use these models
to provide insights into the business case for invest-
ment in agile manufacturing systems. Section 5
summarizes the insights gained and identifies
opportunities for future research.

2. Related research

There is an extensive amount of research in the
open literature discussing agile and flexible man-
ufacturing philosophies. Industry has led the way
in directing the research in this important area by
collaborating to define the future needs of agile
manufacturing. In particular, the Tacocca Institute
Report on 21st Century Manufacturing Enterprise
Strategy (Nagel et al., 1991) provides a valuable
guide to the broad spectrum of applications for
agile production systems. Authors have identified
the drivers of agility (Yusuf et al., 1999), future
research needs and opportunities (Gunasekaran,
1999b; DeVor et al., 1997), and strategic advan-
tages of agility (Gunasekaran, 2001). Gupta and
Goyal (1989) provide an extensive literature review
on the different ways researchers have defined
flexibility and attempted to measure it. Sanchez
and Nagi (2001) also provide a thorough review
and classification scheme for the open literature on
agile manufacturing systems.

Several authors have proposed methods to
measure flexibility in manufacturing systems
(Kulatilaka, 1988; Chryssolouris and Lee, 1992;
Das, 1996; Sieger et al., 2000; Giachetti et al.,
2003). Others (Charles et al., 1999; Newman et al.,
2000; Fernandez and Patrick, 2000) present best
practices and lessons learned in designing agile and
re-configurable manufacturing systems to support
product flexibility, volume flexibility, and general
equipment reusability. Shewchuk and Moodie
(2000) investigate the effect of manufacturing
system design on system flexibilities (product,
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mix, production, and volume), and consider trade-
offs between these flexibility types. Studies by
Katayama and Bennett (1999), and Zukin and
Dalcol (2000) on agility and flexibility in the
Japanese and Brazilian manufacturing sectors
respectively, reveal that agility and flexibility are
of global manufacturing importance. Morgan and
Daniels (2001) examine a portfolio approach to
handling product mix and future technology
decisions in the automobile industry. Xiaobo
et al. (2000a, b) present a framework and optimi-
zation algorithms for reconfiguring a manufactur-
ing system to handle production of several product
families. Lee (1999) discusses generalized analyti-
cal methods to design FMSs at minimal cost,
subject to performance, throughput, and capacity
constraints. Fine and Freund (1990) and Rajago-
palan (1999) explore optimal investment in flexible
and dedicated capacity to handle product variety
and volume uncertainty. Ordoobadi and Mulva-
ney (2001) present a decision tool to analyze
investment value in advanced manufacturing
technologies. Similarly, Gupta and Buzacott
(1993) offer some high level models for first-pass
FMS investment analysis. Most closely related to
our work, Ramasesh et al. (2001) describe a
modeling framework and simulation that explores
the financial value of agility.

Our paper focuses on the use of flexible and
agile manufacturing systems in the automotive
industry for engine and transmission machining
applications. Next we examine how automotive
engineers perceive the differences between dedi-
cated, agile, and flexible manufacturing equipment
for machining applications. The comparative
characteristics are based on many discussions with
machining system design engineers who must
make recommendations about line design and
equipment choices for engine and transmission
machining applications. We introduce some termi-
nology to clarify our discussion.

3. Dedicated, agile, and FMSs in the automotive
industry

In this section, we discuss two industry terms
that often arise in the discussion of agile and

FMSs, particularly for engine and transmission
machining applications. These definitions are
presented to help readers understand the auto-
motive industry motivation for considering agile
and flexible systems. Automotive engineers often
use the generic term “product” to refer to both a
product class and a product model. We are
deliberate in our usage of the two terms to
separate the concepts of product class versus
product model. Following the explanation of
product class and product model, we describe in-
family and cross-family flexibility to stimulate our
comparison of dedicated, agile and FMSs. Finally,
we characterize the dedicated, agile and FMSs we
shall consider in our decision models.

Product class is the general type of product
being machined. For example, engines, transmis-
sions, and axle rods are three distinct classes of
products.

Product models are the specific variants within a
general product class. For example, a V6-engine
and an Inline-6 engine are two variants within the
class of 6-cylinder engines.

3.1. Two commonly used flexibility terms in the
automotive industry

In-family products are closely related variants
that have almost the same production envelope,
and utilize similar (if not the same) manufacturing
processes. A manufacturing system with in-family
flexibility can produce in-family products. One
example of in-family flexibility is a machining
system that can make an engine cylinder head,
whose design varies only in the number of
cylinders (i.e., 6, 7, or 8 cylinders), cut consecu-
tively along the length of the cylinder head block.
Automobile manufacturers are beginning to design
and build dedicated machining systems with some
in-family flexibility to enable production of several
similar models. Since the machining line is a
dedicated line, it is very difficult and extremely
costly (i.e., impossible) to make significant model
changes, because much of the machining equip-
ment cannot be reused if a new engine variant is
introduced.

Cross-family products are distinct models in the
same product class. A manufacturing system with
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cross-family flexibility can produce cross-family
products. One example of cross-family flexibility is
a machining system that can make three distinctly
different engine cylinder heads (not just a design
variation in the number of cylinders being cut).
Thus, the system could perhaps manufacture an
Inline-6, a V-6 and a V-8 engine cylinder head.
Both agile and FMSs have cross-family flexibility
as a characteristic.

3.2. Automotive industry characterizations of
dedicated, flexible and agile machining systems

Dedicated machining system (transfer line) can
produce a single model of a product class. The
automotive industry has traditionally purchased
this type of machining system to produce a given
product model efficiently, i.e., with low cost per
unit and at high volume.

Flexible machining system is an adaptable and
versatile machining system that can change
quickly and easily to produce a planned range of
product classes and product models within a
designed machining envelope. CNC machine tools
with flexible fixtures and flexible tooling are
typically part of a FMS. In practice, FMS for
automotive machining applications are typically
designed to produce only one product class, with
several models variants in the class, primarily
because it is quite challenging just to design a
system to process multiple models in a product
class.

Agile machining system is a machining system
that can change quickly and easily to produce a
planned range of product models in a product
class, and be rapidly and -cost-effectively re-
configured to respond to new model introductions.

3.3. Similarities and differences between agile and
FMSs

The automotive industry is currently investigat-
ing agile systems because they desire the versatility
of flexible systems, but also want lower system
investment costs. In industry applications, agile
and flexible systems both use CNC machines and
tend to have short parallel line layouts, yielding
higher system reliabilities compared to longer

serial lines of dedicated systems. The key differ-
ence between agile and flexible systems lies in the
cost and utility of system tooling, fixtures, and
material handling.

Agile systems allow fast introduction of new
(unplanned) product models in the class, and
require minimal additional investment cost to
introduce new models. The tools, fixtures, and
material handling support reconfigurations and
modifications (within the product class), but have
less utility for general purpose machining applica-
tions than those of a flexible system.

Flexible systems also permit introduction of new
(unplanned) product models, but with a significant
time and cost penalty incurred. Tools, fixtures, and
material handling in a flexible system are more
expensive, because they have more all-purpose
utility for a variety of machining applications.
Significant additional costs and time penalties are
incurred in modifying the general-purpose tools,
fixtures, and material handling to support the new
model applications.

The main industry criticism of FMSs is that
while the equipment is re-usable for any machining
application, the throughput per investment dollar
achieved is too low. Agile systems compromise on
the re-usability, limiting tooling, fixtures, and
material handling re-usability to a particular
product class application to achieve lower invest-
ment costs and higher throughput rates. By
developing machining systems focused on a
particular class of product, system designers and
equipment manufacturers are closer to achieving
initial equipment costs that are competitive with
high volume dedicated machining systems. Invest-
ment cost is the major determinant in deciding
among machining system types. Dedicated systems
are still the least expensive technology for machin-
ing applications. But as the name ‘“‘dedicated”
indicates, the equipment is specialized for one
particular model of a general product class (e.g.,
one engine model). Dedicated systems are valuable
for high volume production, and yield low
investment per unit. Dedicated systems are prefer-
able when the demand volume for a product is
high and the life span of the product is relatively
long (7-10 years). In comparison, agile machining
systems allow several product models within a
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Table 1

Industry perception and comparison of dedicated, agile and flexible machining systems

Comparison factor Dedicated Agile Flexible
Initial investment cost Low Medium High
Cost to introduce new models High Low Medium
Time to introduce new models High Low Medium
Prod. volume capability High Medium Low
Equipment reusability for other machining applications Low Medium High
Capability to introduce new (unplanned) models Low High Medium

product class to be made on the same line, with
quick changeovers from model to model. By
paying a higher initial cost for equipment, an agile
manufacturing operation gains the option of
hedging against uncertain future demand volumes
and mix fluctuations. In trade for the ability to
machine several product models, the volume per
model is somewhat reduced due to lost production
time during model changeovers. Agile systems are
preferable when the demand volume for each
model is relatively low and the life span of the
product is comparatively short. Flexible systems
are the most expensive among the three, but
permit the most equipment, fixtures, tooling, and
material handling re-use. Our work does not
pursue flexible machining to a great extent, given
the current industry trend away from flexibility.
However, we do compare agile systems to both
dedicated and flexible systems to “bound’ results
for agility between dedicated and flexible systems.

3.4. Summary comparison and industry perception
of machining system types

Table 1 summarizes the automotive industry
classification of dedicated, agile and flexible
systems relative to their key characteristics. The
three system types are compared visually using a
“spider graph” in Fig. 1. The three system types
are ranked relative to each comparison parameter.
This type of graph proves quite valuable for
stimulating dialogue among system designers and
engineers to capture the system tradeoffs. These
tradeoffs can be used to guide decision-making
about the type of system to build. For example, a
system designer may start by determining the
number of product models that must be machined

Initial Investment Cost
(Lowest Number = Lowest Cost)

New (Unplanned)

Cost to Introduce New
Model

Models
Introductions
(Lowest Number = (Lowest Number =
Lowest Cost)

Lowest Capability)

Equip. Reusability / Time to Introduce New

(Lowest Number = Models

Lowest Reusability) (Lowest Number =
Shortest Time)

Production Volume Capability
(Lowest Number = Lowest Volume)

| —e—Dedicated - - - Agile —« - Flexible |

Fig. 1. Visual “spider graph” presenting industry perception
and comparison among dedicated, agile and FMSs. Dedicated
systems are perceived to have the lowest investment costs and
highest production volume among the three system types. Agile
systems have the lowest changeover costs and highest capability
to introduce new (unplanned) products. Flexible systems have
the highest equipment reusability, but highest investment cost.

at a particular plant location and the forecasted
volume per model. If the volume for each model is
high, then dedicated systems are the preferable
choice. If low or medium volume is needed for
several models, agile and flexible lines are con-
sidered. If the designer is exploring agile and
flexible lines, the designer must consider the
possibility of introducing new models for which
the system was not originally designed.

4. Decision models to assess the value of agility

Two decision models are used to gain insights
on the financial benefits of agility as part of a
business case analysis for agile machining systems.
The models are deliberately kept simple to permit
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discussion with industry engineers not familiar or
comfortable with more sophisticated approaches
such as optimization or stochastic process model-
ing. At the same time, the models capture salient
features of the economic decision of machining
system selection. To facilitate modeling and
comprehension of data relationships, an influence
diagram is constructed (see Fig. 2) to identify the
key information required to compare the different
types of machining systems (i.e., dedicated, agile
and flexible).

4.1. Spreadsheet model

Using the identified data and relationships as in
Fig. 2, a spreadsheet based model is constructed to
evaluate cumulative net present value (NPV) of
profits for system purchase decisions made under
high uncertainty of product volumes, system
availability, and timing of new product introduc-
tions. The data values used are representative of
the magnitudes of costs associated with the
decisions made but are for illustrative purposes
only. Given the demand for each month for each
product model, the spreadsheet evaluates the net
profit each month for each system type as the

D.A. Elkins et al. | Int. J. Production Economics 91 (2004) 201-214

revenue from product models made and sold
during the month less system dependent operating
costs, labor costs, tax, depreciation, and change-
over costs. Monthly revenues are constrained by
labor and production capacity, and may be
negative to reflect a lost opportunity, when one
system type is down for a changeover, while other
system types are able to respond to the changeover
more quickly. This lost opportunity cost is
specifically included to help differentiate the
systems during changeovers. Operating costs
include fixed and variable costs for the months
the system is in production and only fixed costs for
the months a system is in changeover. Labor costs
include any overtime costs if necessary to meet
production goals. Taxes, assessed on revenues less
operating and depreciation costs, may be either
positive or negative, depending on whether or not
the system makes a profit for the month. Change-
over costs are the costs of additional equipment,
tooling, and other system modifications, and are
assessed during the first month of a system
changeover. The cumulative NPV of profits over
time for each system type is the main result, and is
a running total of net profits discounted appro-
priately. Thus the cumulative NPV for a system

Initial

Depreciation N X
Method (Multiple Investment Fixed COSS Variable C‘ift
Straight Line) Costs* per month per month

\

Labor and
Overtime
Costs**

Changedver

Tax Rate 38%

Discount Rate 15%

Revenues
by
month

- Profit per unit
depends on model A=$100
system type model B=$90
model C=$80

Labor

Changeover
Time**
(number of
months to
reconfigure)

Production
Hours Required

Annual System
Capacity (250,000

Times of product units per year)

model changes

Capacity
Allocation Scheme
(Fair Percentage)

Amount Produced =
Amount Sold by month

Forecasted
Product Demands
(~333 units per

/\ \ day per model)

-~

- Production
Produc_non Sy_stepj Rate (~1000
Quality Reliability units per day)
(assume 70%
availability)

Fig. 2. Influence diagram illustrating the key data and relationships required to compare different machining systems.
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type for month k& (0<k<180 months = 15 years)
is given by

cumulative NPV(system type) at month k

k
= Z netprofit;(1 + discount rate/month)_i.
i=0

The cumulative NPV is typically negative be-
cause total costs per month (equipment investment,
labor, operations, materials, tax, etc.) exceed the
revenue (value added) obtained from machining
parts for an engine or transmission. The engine or
transmission produced is a key competitive differ-
entiator in vehicle manufacturing, and significant
additional value is obtained upon sale of a vehicle,
which must have an engine and transmission.

We employ a test data set to exercise the
spreadsheet model and illustrate insights on the
value of machining system agility. The model
compares investment options among dedicated,
agile and FMSs by evaluating the systems on
cumulative NPV of profits over a 15-year time
span. The 15-year time span may seem long for
financial business case analysis, particularly in
studying the impact of an uncertain future. To
explore the systems’ capabilities to respond to
demand fluctuations for different product models,
a shorter time period of 5 years may be more
appropriate. However, our purpose is to examine
the potential of an agile system to introduce new
product models, not previously anticipated when
the system was designed. In general, the types of

Table 2

machining equipment we are considering has an
industry lifespan of 15 years use, and further, it
counts as assets on our financial balance sheet for
15 years. Thus, we will study the investment
decision over a 15-year period.

An annual discount rate of 15% is used in the
model to account for the time value of money.
Taxes are assessed on net profits at a rate of 38%,
to approximate both state and federal taxes. The
initial investment cost for each system type is
depreciated over the 15-year period using multiple
straight-line depreciation. This depreciation strat-
egy spreads 50% of the total investment cost over
the first 5 years, 33.3% of total investment cost
over the next 5 years and the final 16.67% of total
investment cost over the final 5 years. This type of
depreciation is used to “front-load” the deprecia-
tion over the early part of the equipment lifecycle.

Table 2 organizes the key data distinguishing the
system types. While the agile and flexible systems
have higher initial costs, they also can machine
several product models in the current planned
product generation, and potentially machine
future product models. Flexible systems are more
expensive than agile systems, but also have more
equipment reusability for other machining appli-
cations. The dedicated system in comparison can
only produce a single product model, but has
lower initial investment costs. Costs to introduce a
new product model reflect that the entire dedicated
system is usually replaced, while a good portion of
the equipment in the flexible and agile systems may

Test data for comparing dedicated, agile and flexible machining systems

Dedicated system Agile system Flexible system
Initial investment costs $50,000,000 $60,000,000 $70,000,000
Changeover costs $50,000,000 $10,000,000 $20,000,000
Changeover times 12 months 0 months 3 months
Product classes 1 1 1
Product models A A, B, C A, B, C
Profit per model $100 $100, $90, $80 $100, $90, $80
Capacity allocation to each model 100% 45%, 35%, 20% 45%, 35%, 20%
Annual fixed costs $5,000,000 $6,000,000 $6,000,000
Variable cost per unit $50 $60 $60
Hourly labor rate $100 $120 $120
Labor headcount 10 10 10
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be reused. The zero month changeover time for the
agile system reflects that only a few hours to a few
days of changeover time is required to introduce
new product models. Fixed and variable costs in
agile and flexible systems are assumed to be 20%
more expensive than dedicated system costs,
reflecting the possibility of more maintenance
and overhead costs to operate agile and flexible
systems. The cost of labor is assumed to be 20%
more for agile and flexible systems, because skilled
trade workers will need more training and
expertise to operate agile and flexible systems.
Demand per product model is 333 parts per day
+50%, reflecting high uncertainty in demand for
each planned product. This demand rate for a
single product model is low for a dedicated system,
which typically has production capacity to meet
demand of 1000 parts per day. To compare
systems fairly, all system types are designed and
purchased so that production capacity is rated at
1000 parts per day assuming a standard workday
of two 8-hour shifts. Total annual system capacity
for each system is 250,000 parts per year operating
at 70% availability. Each dedicated system can
only produce one product model, which is
typically the case in industry, when the model
variants are distinct. Assuming the automotive
company must manufacture all three-product
models, then three dedicated systems must be
purchased—one system per product model. The
initial cost of the three dedicated systems increases
to $150 million, fixed costs increase to $15 million,
and labor head count increases to 30 workers to
cover all three dedicated systems. In contrast, the
agile and flexible systems are designed to produce
several product models (models A, B, and C). No
system is designed to produce more than one
product class. Thus the additional capability of
producing several product classes in a single
flexible system is ignored for now. However, we
note that the initial investment cost of the flexible
system already reflects the limitation to one
product class. The true investment cost for a
flexible system is somewhat higher if multiple
product classes or true re-usability for other
machining applications are truly an option.
Capacity is allocated by fair percentage across
the models in the agile and flexible systems, with

capacity percentages of 45% for model A, 35% for
model B, and 20% for model C. No product model
changes are introduced over the 15-year time span.
Net profit per model unit is $100 for model A, $90
for model B, and $80 for model C. Net profit
represents value added to the part by performing
the machining.

4.1.1. Base spreadsheet model results

The base model examines the value of being able
to allocate capacity among the currently planned
product models as needed, when higher than
expected demand is observed. The decision model
identifies the most profitable system type by
comparing the three system types meeting dedi-
cated system production targets. Each system
starts at time O with the initial investment cost as
a negative cash flow. It is clear that agile and
flexible systems are much more attractive due to
lower initial costs to produce all three product
models and low demand for all models (see Fig. 3).
Purchased capacity is more effectively utilized by
agile and flexible systems compared to the three
dedicated systems. The agile and flexible systems
can share total system capacity (1000 parts per
day) across the three models. In comparison, each
dedicated system can produce 1000 parts per day,
but only 333+50% parts per day are needed.
While each dedicated system can handle much
more expected demand volume per model, one
system is purchased per model. In comparison, the
agile and flexible systems can also handle higher

0

-50

-100

-150 1=

-200

-250

Cumulative NPV of Net Profit ($ millions)

-300
0 20 40 60 80 100 120 140 160 180

Time (months)

‘- - - - Dedicated — — Agile Flexible ‘

Fig. 3. Base case comparison of dedicated, agile, and flexible
systems. The constraint that all the three product models must
be manufactured is imposed, causing the complete dedicated
system to be much more expensive and to have three times the
total capacity that the agile and flexible systems have.
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than expected demand for a model by reallocating
unused capacity from the models that experience
lower than expected demand. Note that the only
difference between the agile and flexible system for
the base case is the initial investment cost. The
flexible system is more expensive because the
machining equipment has more “reusability” for
other machining applications. In practice in
industry, machines are generally not “reused” for
other machining applications, so the managers are
hesitant to spend money on an equipment feature
that is never used.

Some may argue it is unfair to compare the
dedicated systems with so much capacity to agile
and flexible systems with less capacity. However,
all three models must be manufactured, regardless
of system type chosen or amount of capacity
purchased. Under the constraint that all three
models must be produced, the company would
rather manufacture the models at lowest total
investment cost. From Fig. 3, we see that agile
systems are most attractive when multiple product
models must be manufactured at low volume per
model. If the volume per model is significantly
higher, perhaps dedicated systems would appear
more attractive. For the machining application we
are challenged to explore, the demand per product
model is expected to be low. Our job is to make a
business case recommendation on the type of
system that should be purchased.

4.1.2. Value of new (unplanned) product model
introductions

Next, consider the value of making two new
model introductions at points of time in the future.
The models are not previously conceived or
planned for when the manufacturing system is
initially designed and purchased. Suppose that one
model change occurs at 60 months (after 5 years),
and the other at 120 months (after 10 years). All
three-system types are compared at 70% avail-
ability, and must make all three-product models.
The drop in the cumulative NPV of net profit lines
at each of these new product launch times reflects
the discounted additional cost to implement the
changeover (see Fig. 4). The flexible and dedicated
systems also lose production time during the
required changeover period, which can be seen in

o

&
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-100 =

-150 4=

-200

-250

-300

Cumulative NPV of Net Profit ($ millions)

0 20 40 60 80 100 120 140 160 180

Time (months)

[+ - - - Dedicated — — Agile Flexible |

Fig. 4. Systems comparison if a new product model (not
previously conceived and designed for) is introduced every
S years. Agile systems are most effective in responding to new
product model introductions.

the graph as the slight downward sloping lines at
60 and 120 months. Agile systems are most
efficient in handling model changes and lose little
or no production time in introducing the new
model. Flexible systems are also preferable to
dedicated systems if a product model change must
be implemented, but not as attractive as agile
systems due to the higher initial investment and
new product model introduction costs.

4.1.3. Spreadsheet model insights
The spreadsheet model graphs yield the follow-
ing insights:

1. Agile and flexible systems are attractive finan-
cially and strategically compared to dedicated
systems, because agile and flexible systems have
lower initial investment costs when producing
several product models simultaneously. The
initial investment cost is a key driver differ-
entiating system types. Agile systems have lower
investment costs and lower new model launch
costs than flexible systems, but do not have as
much equipment reusability for other machin-
ing applications. The value of being able to
reuse the flexible equipment for other machin-
ing applications has been ignored in this
analysis (primarily because it is not done in
practice in engine and transmission parts
machining). This equipment reusability may
merit future consideration if a company is
willing to acknowledge the value of flexible
machining for multiple applications.
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2. Agile production systems best respond to new
(unplanned) product model introductions with
lowest cost and fastest launch compared to
flexible or dedicated production systems.

3. Even one unplanned product model introduc-
tion causes a dramatic change in cumulative
NPV of profits, making agile systems valuable
as a tool for long-term strategic manufacturing.

The spreadsheet model, however, is cumber-
some to use and requires significant data inputs.
Further, the data, while seemingly clear in terms of
relevance, is relatively hard to obtain and contains
a large amount of uncertainty in the values. These
modeling limitations lead to a second class of
models that specifically address uncertainty in the
cost and time data.

4.2. Decision tree model

A simple decision tree model (see Fig. 5) and
Monte Carlo simulation analysis are used to study
the decision to buy a production system given the
uncertain costs and the future opportunity to
introduce a previously unplanned product model.
The decision tree illustrates that once a system
type is chosen, the system choice can be evaluated
relative to the new opportunity. The decision tree
focuses on minimizing costs of buying a system to
produce the current and future generations of

no change (0.6)
in-family (0.2)
cross-family (0.1)
new model (0.1)

Opportunity to
change occurs; type
of change required

Opportunity to
change occurs; type

of change required

Buy system no change (0.2)

in-family (0.3)

cross-family (0.3)
new mode (0.2)

no change (0.2)
in-family (0.3)
cross-family (0.3)
new mode (0.2)

Opportunity to
change occurs; type
of change required

Fig. 5. Decision tree model for buying machining systems
under future uncertainty of a product model change. The
probability of each type of change occurring is indicated in
parentheses and may depend on the system type purchased.

product models. The decision tree model shows in
the cost framework that agile capacity has a
strategic future value and is competitive with the
low cost dedicated lines, after considering the
future option to change product models.

The decision tree modeling paradigm is appealing,
for it visually captures the essential decision features
and facilitates structured discussion of the decision.
Less data is required to drive the model as compared
to the spreadsheet model previously studied. The
main criticism of decision tree models is how to
obtain the subjective probabilities of the types of
future changes. However, the subjective probabilities
do allow managers to introduce “expert opinions”
on future responses to new product model launch
opportunities, given that a particular system type is
selected. Finally, a bonus feature of this type of
modeling and analysis is that risk of investment for
each type of system purchase decision can be
evaluated and compared.

The types of future change opportunities (all
unplanned at time of initial system purchase)
considered for this particular decision tree include
no change, an in-family model change, a cross-
family model change, and a completely new model
introduction. The option of no change is specifi-
cally included because even though agile or flexible
production systems may be purchased, the change-
over feature may never be used. Subjective discrete
probabilities are assigned to each type of change
(see Fig. 5), and these probabilities are assumed
system dependent. Thus a dedicated machining
system has a much higher probability of a “no
change” outcome when compared to an agile
system due to significant cost and downtime
penalties for conversion. Some readers may feel
that it is unfair to use different probabilities for
likelihood of change for dedicated systems, com-
pared to agile or flexible systems, but it is the
reality in industry that once the dedicated system is
purchased, model changes are not very likely,
because executives focus on the investment cost
already spent.

Tables 3 and 4 provide the triangular distribu-
tion parameters for initial costs and changeover
costs used in the model. These parameter estimates
are used to demonstrate the utility of this deci-
sion model for agile business case assessment.
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Table 3
Initial investment costs for different machining system types

Initial costs Minimum ($ millions)

Most likely ($ millions)

Maximum ($ millions) Calculated average ($ millions)

Dedicated 57 60 63 60
Agile 55 65 70 63.33
Flexible 60 76 87 74.33
Table 4

Changeover costs for different machining system types

Changeover costs ~ Minimum ($ millions)

Most likely ($ millions)

Maximum ($ millions)  Calculated average ($ millions)

Dedicated 57 60
Agile 8 10
Flexible 20 25

63 60
15 11
30 25

Triangular distributions are used for rough mod-
eling primarily because they have parameters that
are easy to obtain or estimate.

Note that the changeover cost for a dedicated
system is the same as the initial cost for a dedicated
system. Unless specifically designed to support in-
family flexibility, dedicated systems are scrapped
when moving to a new product model. In-family
flexibility is still relatively uncommon in industry,
so the model assumes that if an in-family change is
required, the dedicated system is scrapped and a
new system is purchased. Agile and flexible
systems pay a conversion cost, with the difference
in costs reflecting whether or not new tooling and
fixtures must be purchased. However, the conver-
sion cost is significantly less than purchasing a new
system, because the majority of the equipment can
be reused.

If a change is implemented, the production
system type is penalized by the appropriate
changeover cost. Further, if a change occurs and
the system type is not designed to handle that type
of change, the current system is replaced with a
new system of the same type. For example,
suppose that in year five a cross-family product
model is a recognized market need. The dedicated
system cannot support the model change, and thus
a new dedicated system is purchased to support the
shift to the new model. The agile and flexible
systems can support the model change but pay the

associated changeover costs (sampled from the
appropriate triangular distributions). Changeover
times are omitted in this model, but help to
differentiate agile and flexible systems if the
investment costs are more competitive. For a
preliminary analysis, it is sufficient to compare
system types on costs alone. It may be possible to
assess changeover costs that account for the
changeover time indirectly, but this possible model
extension is left for future work.

Monte Carlo simulation analysis of the decision
tree is performed in Microsoft Excel using Palisade
Decision Tools PrecisionTree and @Risk, which
are Excel decision tree and simulation add-in
packages, respectively. For each simulation itera-
tion, the decision tree evaluates the expected NPV
for each line type, where the expected NPV per line
type is given by

NPV (line type)
= Z [initial cost
all model change types
+ changeover cost(1.15)™"]
x P{model change type occurring}.

The annual discount rate used is 15%, and » is
the number of years into the future when the
model change occurs. Note that n is a random
variable, sampled from a triangular (1, 5, 10)
distribution and rounded to the closest integer.
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Table 5

Simulation results for the decision tree model studying system purchase decisions

Decision expected cost ($ millions)

Minimum ($ millions)

Mean ($ millions) Maximum ($ millions)

Dedicated system 63.54
Agile system 58.37
Flexible system 68.94
Overall decision (buy agile) 58.37

Similarly, the initial investment cost, type of
changeover, and cost of changeover are sampled
from the appropriate triangular distributions.
While, this decision tree model only considers the
value of making one model change, typically in the
automotive industry, only one such change op-
portunity occurs during the life cycle of machinery.
Thus, considering a single model change is
appropriate to capture the value of the line
investment decision.

For the machining system example presented,
the expected NPV of each decision can be used to
make recommendations on the types of systems to
purchase. Table 5 summarizes an example of
results of the simulation, and how they might be
used to decide between different system types. The
results indicate that the agile system is the best
choice if the goal is to buy a machining system that
can respond to a future product model change at
minimal cost. Among the three system types
considered, the agile system has the lowest
expected investment and the smallest spread of
possible costs. The risk profile for the different
system types is presented in Fig. 6. The risk profile
plots the expected costs of each system type and
their associated probabilities of occurrence. The
agile system is the least risky in terms of
investment cost for it has the smallest spread of
possible outcomes as compared to the dedicated
and flexible system.

5. Summary and conclusions

In this paper, we have discussed agile manufac-
turing systems from an automotive industry
perspective. A descriptive influence diagram,
spreadsheet model and a decision tree model are

71.78 83.60
67.65 76.22
88.99 111.46
67.65 76.22
Risk Profile
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Fig. 6. The risk profile for the system design and purchase
decision. A risk profile gives the expected costs and the
corresponding probabilities of occurrence. The agile system is
the least risky in terms of investment cost, for it has the smallest
spread of possible outcomes.

studied to gain understanding about the value of
system agility. From the limited study presented
here, agile systems seem to meet the promise of
rapid and cost-effective response to new (un-
planned) product model introductions and dy-
namic capacity allocation to meet unpredictable
demand. The two decision models developed are
simple, capture the important features of economic
decisions about manufacturing systems, and facil-
itate discussion with automotive industry engi-
neers about agile and FMSs. However, there is a
significant opportunity to extend research to more
fully address the business case for agility. The
preliminary analysis described here is localized to
system selection for one manufacturing site. It
could prove interesting to extend decisions to an
enterprise perspective—where to use flexible, agile,
and dedicated systems to build a most “robust and
resilient” manufacturing enterprise. Portfolio ana-
lysis tools may be developed to determine the
optimal mix of system types to meet fluctuating
demand volumes and simultancously address
future model changes. Hybrid systems consisting
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of both dedicated lines and agile lines should also
be considered. Finally, we note that our results are
based on the assumption that demand per product
model is much less than available system capacity,
which is generally the situation in industry.
Business case analyses when demand is approxi-
mately equal to or greater than system capacity are
also left for future research.
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