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Abstract

Interactions with managers in the automobile industry indicate that efforts to bring potentially profitable new technologies
into production are often frustrated by the traditional unit cost-based approach that is used for evaluating new technologies.
Opportunities for timely introduction of valuable or even preemptive technologies can be missed because unit cost comparisons,
typically applied to a limited set of vehicle configurations with volumes based on current demand figures, invariably favor
incumbent over new technologies. In this research, we develop a more complete technology adoption decision model that
integrates product mix and technology adoption decisions. Specifically, we recognize that product mix and volume are
important variables in determining the cost effectiveness of new technologies, and include in the model customer demand
projections that reflect market trends (e.g. growing demand for increasingly sophisticated features and functions in vehicles).
Anticipated experience benefits are then applied to the appropriate production volumes to more accurately predict the profit
impact of adopting new technologies. The introduction of automotive multiplexing, a technology that is characteristic of
current technological advances in the industry, provides a context for considering insights that can be derived from the
decision model. Our interaction with a global Tier I automotive systems supplier allowed us to obtain representative cost data
and other information relevant to the technology adoption decision. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction — the technology adoption
decision problem

Technology strategy is an increasingly inte-
gral component of enterprise decision making. In
high-tech industries, resource commitment to and
adoption of the right product and process technolo-
gies are critical to sustaining competitive advantage.
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In more traditional manufacturing and service in-
dustries, technology adoption decisions affecting
product architecture and process technology are no
less significant. While the end product itself may
not be perceived as high-tech, advanced technol-
ogy solutions can provide superior manufacturing
capability and the improved product performance
and customization that are required for long-term
competitiveness. As firms across industries witness
an unprecedented rate of technological advance in
both product functionality and productive capabil-
ity, executive level decision makers face the critical
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issue of whether any given technological advance
should be adopted for their firms’ products or pro-
cesses. All too often, the response to opportunities
for technological change is centered on an incremen-
tal evaluation of new versus incumbent technolo-
gies, a process that typically favors the incumbent
technology.

Many researchers have studied and documented
leading firms’ failures to embrace technologies that
become critical to survival in their industries (for
example, Hayes and Abernathy, 1980; Baldwin and
Clark, 1994; Bower and Christensen, 1995). Sev-
eral factors that complicate the technology adoption
decision-making process are worth noting. First,
executive decision makers, particularly those in
long-established product and service industries, often
lack the background to fully comprehend the impli-
cations of an advanced technology. The result is a
certain technology-aversion, i.e. a bias toward product
and manufacturing technologies that have histori-
cally proven lucrative for the firm. Decision makers
also do not tend to appreciate that critical develop-
ing technologies are often initially less cost effective
than incumbent technologies, and instead focus on
short-term financial measures that favor the incum-
bent technology. Even executives who appreciate the
importance of embracing the right technologies can-
not possibly gain the level of understanding required
to make informed technology adoption decisions for
each new opportunity. Bower and Christensen (1995)
note that while the analysis techniques employed
by many well-managed companies are sufficient for
evaluation of incremental technology advances (i.e.
those that build on current product or process archi-
tecture), new technologies that involve a significant
shift in product architecture or manufacturing ca-
pability (i.e. “disruptive” technologies) will almost
always appear financially unattractive when evaluated
by the same measures. It is this failure to embrace
disruptive technologies in a timely manner that has
eroded the competitive position of many well estab-
lished companies in a variety of industries, including
computers, copiers, automobiles, and construction
equipment.

In this research, we develop a broader decision
framework for evaluating new technologies. A key
element that differentiates this framework from tra-
ditional technology adoption decision models is ex-

plicit consideration of the interrelationships between
the product line decisions that ultimately dictate the
portfolio of products offered by the firm, and the
technology decisions that drive both functionality
and manufacturability of the firm’s product mix. We
extend the criteria used to make technology adop-
tion decisions beyond standard unit cost comparisons
by simultaneously determining the firm’s optimal
product portfolio and the technology that should
be used for each product in the mix. Mathematical
programming is used here as a language for captur-
ing, highlighting, and communicating the important
trade-offs involved in technology choice. Integrat-
ing strategic marketing and manufacturing elements
into a model that seeks to maximize profits over
an appropriate time frame allows for more realistic
identification of the impact on profit of adopting an
advanced technology. For example, the setup costs
associated with alternative technologies can vary sig-
nificantly depending on the mix of products produced.
Similarly, the mix and volume of products offered
by the firm affect unit costs for a new technology
due to volume-based experience effects. By focusing
the adoption decision on overall firm performance,
short-term, functionally-focused incentives no longer
play a role in determining the technology strategy of
the firm. Application of this broader approach to a
specific decision environment illustrates the benefits
of integrating product mix and technology choice
decisions.

In Section 2, we describe a new technology consid-
ered by firms in the automobile industry, adoption of
which involves a significant change in vehicle system
architecture and associated production processes. The
difficulties encountered in the process of evaluating
the new technology described in Section 2 motivate
the integrated technology adoption/product selection
decision model formulated in Section 3. Section 4
presents a case study based on the specific technology
adoption decision in the automobile industry. We first
outline one firm’s approach for evaluating alternative
technologies that is based on standard unit cost anal-
ysis, and then motivate the need for broader analysis
using an integrative decision model like that presented
in Section 3. In Section 5, results of our analysis are
provided along with some general insights into tech-
nology adoption decision processes. Finally, Section
6 concludes with directions for continuing research.
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2. General setting — the automobile industry

In recent years, firms in the automobile industry
have encountered numerous opportunities to adopt
technological advances that significantly change both
the critical systems offered on their vehicles, and
the associated manufacturing processes. As in many
industries, customer sophistication, concerns about
the environment, and limited energy resources have
precipitated the development of technologies for com-
puter controlled engine management, safety focused
ride-and-handling systems, and entertainment and
communication features. Recent examples include
the use of multiplexing technology to mechanize the
features and options offered on a vehicle (Automo-
tive Engineering, 1996; IEEE Spectrum, 1996), fuel
cell technology for engine power (Wall Street Jour-
nal, 1998), and telematics for data communication in
vehicles. As new technologies permeate the indus-
try, each firm must determine if and to what extent
each technological advancement should be adopted
for its vehicles. While senior technology and R&D
managers often view these advances as crucial to
the long-term success of the firm, their adoption ef-
forts are frequently frustrated by the traditional unit
cost-based adoption criteria used in the automobile
industry. A typical approach justifies early rejection
of an important new technology based on unattrac-
tive unit production cost comparisons with incumbent
technologies for a firm’s base level vehicles. These
same managers raise questions both about the logic
of making technology adoption decisions on a unit
cost basis, and about what factors must be considered
when evaluating new technologies.

Making the right decisions about developing
technologies is especially critical in an automobile
industry characterized by continuous demand for new
features, low margins driven by stiff competition, and
a general restructuring that is sure to yield a distinct set
of winners and losers over the next decade. In support
of our research efforts, Delphi Automotive Systems
Europe, a key competitor in the European automotive
supplier industry, provided us with information that
was critical to the development of this research. We
focus on the adoption of automotive multiplexing, a
technology that changes fundamentally the way in
which features on a vehicle (e.g. power windows, re-
mote keyless entry) are mechanized, and significantly

alters the cost structure of the option packages (OP) of-
fered on a firm’s vehicles. The multiplexing adoption
decision provides an illustrative example that captures
many of the important issues affecting the adoption of
advanced technologies in the automobile industry. The
data referenced in this paper reflect relative costs for
the purpose of comparing competing technologies, but
are disguised so as to avoid divulging information sen-
sitive to Delphi Europe (DE) and its customers. In the
remainder of this section, we describe the fundamental
trade-offs between the advanced multiplexing technol-
ogy and the incumbent technology (i.e. conventional
electronics and wiring harnesses) for mechanization
of the features and options offered on vehicles.

2.1. Conventional versus multiplexing technology

In the early automobile, the electrical system was
limited to basic functions such as lighting and ignition.
Over time, additional electrical functions (e.g. power
windows, power seats, and power mirrors) that use
input switches to control the power to actuators (e.g.
multiple function seat motors) were developed and
included in high-end vehicles. Consumer preferences
have shifted progressively toward vehicles with greater
and more sophisticated electronically controlled op-
tion content, this trend spurred by the growing number
of drivers who use their vehicles as mobile offices that
require, e.g. cellular telephone, fax, navigation capa-
bilities, and internet access for real-time information
updates (Winter, 1997). Growing demand for these so-
phisticated features has resulted in increasingly com-
plex electrical systems for mechanizing vehicle option
content with the conventional wiring harness technol-
ogy. Today, it is not unusual for a high-content vehicle
to require over one mile of wiring for power distri-
bution and signal transmission with the conventional
mechanization approach.

The increase in vehicle content complexity has mo-
tivated firms in the automobile industry to consider
the use of multiplexing as a means for limiting the
amount of wiring required by vehicles (Automotive
Engineering, 1996; IEEE Spectrum, 1996). Multi-
plexing facilitates communication between switches,
sensors, electronic controllers, and actuators through
serial data communication, functioning like a local
area network. Development of related technologies
for connector, sender, transmission line, and receiver
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capabilities are also critical to error-free transmis-
sion in a multiplexed network. Together, multiplex
chips and other required hardware make up the load
control multiplex (LCM) modules that integrate the
majority of the traditional stand-alone electronics and
significantly reduce required wiring compared to a
conventionally mechanized vehicle, thereby greatly
simplifying vehicle assembly. For example, a mid- to
high-content multiplexed vehicle requires an assem-
bly line worker to select an LCM module and snap it
into the vehicle with a limited number of connectors.
To mechanize the same option content conventionally
could require selection of 60–100 wires and 30–40
multi-pin connectors that must then be built into the
vehicle in a complex configuration. The result is that
setup times between alternative OP, as well as produc-
tion times for content mechanization, are significantly
reduced with multiplexing.

Technology and R&D managers note that multi-
plexing is an attractive alternative for high-content
vehicles, where all functions (doors, seats, HVAC,
lighting, entertainment, brakes, suspension, steering,
etc.) are electronically controlled, for the following
reasons:
1. Using multiplexing in high-content vehicles does

not increase indirect switching costs (relays or solid
state), because indirect switching is required for
all electronically controlled devices for both mul-
tiplexing and conventional technologies.

2. High-content vehicles tend to require a large num-
ber of sensors, with sensor information shared
across functions. Information transfers are man-
aged more cost effectively with the multiplexing
technology than with conventional electronics and
wiring.

3. Multiplexing facilitates both onboard and service
diagnostics, since the necessary data can be ac-
cessed by simply plugging into the network. This
capability is essential in sophisticated, high-content
vehicles for both safety and service.

4. Multiplexing, in conjunction with regional inter-
face controllers, makes it simple to add or modify
many software-controlled features and functions.
The incremental cost of these modifications would
be quite agree with conventional electronics and
wiring.

For these reasons, R&D and technology managers in
the automobile industry anticipate that multiplexing

will become increasingly attractive, if not necessary,
as the number and complexity of features offered on
vehicles continues to grow over time.

While advances in multiplex chip technology and
related protocols have made feasible the use of mul-
tiplexing for vehicle option content mechanization,
the high cost of the multiplex chips used to encode
and decode switch signals, as well as the expensive
tooling that would have to be designed and built for
production of the electrical centers used in multi-
plexed vehicles, are significant factors in the adoption
decision. The cost penalty is especially significant
for the low- to moderate-content vehicles that have
dominated most automobile manufacturers’ recent
production volumes. This cost trade-off is one of the
key components of standard financial analysis used to
evaluate new technologies in the industry. In the case
study presented in Section 4, we elaborate further on
cost studies and associated analyses developed by DE
and one of its automotive customers as a decision aid
in determining whether the firm should invest in auto-
motive multiplexing for its vehicles. The multiplexing
adoption decision provides a rich case for develop-
ing insight into the trade-offs that are important to
technology adoption decisions, including profit impli-
cations that depend on unit costs, relevant experience
effects, investment costs for retooling, manufacturing
efficiency in terms of setups and other cost benefits,
and the firm’s ability to profitably satisfy customers’
demands in the marketplace. In the next section, we
formulate a decision model that integrates these fac-
tors, yielding a broader framework for understanding
the potential profit impact of significant technology
developments like automotive multiplexing.

3. Decision model

The model developed in this section is specified in
the context of the automotive multiplexing technology
adoption decision encountered by firms in the automo-
bile industry. However, in its general form, the model
provides a useful conceptual framework for evaluating
advanced technologies in any industry. The objective
of the decision model is to identify a mix of products
to offer and to assign a technology for each selected
product such that total profits are maximized over a
relevant time horizon. By extending the context of the
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technology adoption decision to include the choice of
product mix as well as forecasted demand for future
periods, many of the shortcomings of the standard fi-
nancial analysis techniques typically used to evalu-
ate advanced technologies are overcome. Due to the
long-term strategic focus of the model, short-term ca-
pacity constraints are not considered.

Out of a set ofn possible product configurations,
a firm selects a subset ofn′ ≤ n products to offer in
the marketplace. Based on market research into cus-
tomer preferences across then product configurations
considered by the firm, along with information about
company pricing policies that dictates pricespj for
each candidate productj, demand estimates,dj t , are
generated for each product in each periodt of a plan-
ning horizon of lengthT. Given information about
customer preferences across then candidate prod-
ucts, a mechanism for assigning customer demand
to the subset ofn′ ≤ n products selected in the de-
cision model is required (for a review of assignment
approaches, see Yano and Dobson, 1998). To best
utilize the information provided by DE for analysis of
the multiplexing technology (as outlined in Section
4), we incorporate an assignment mechanism that is
consistent with cross-elasticity demand models used
in economics, and purchase behavior models used in
the marketing literature (Lilien et al., 1992). In par-
ticular, if a given candidate productj′ is not selected
by the model, then some percentage of the demand
for productj′ is captured by similar alternative prod-
ucts. Specifically,αjj ′ is the percentage of productj′’s
demand captured by productj, where

∑n
j=1αjj ′ = S

and S ≤ 1 reflects the degree of substitution across
alternative OP. In the decision model, we use terms
sj t to denote the additional units of demand assigned
to product j due to the omission of other products
from the firm’s product line. We assume that a cus-
tomer is lost if neither the most preferred nor the first
alternative product is offered by the firm.

The total cost incurred in manufacturing the firm’s
product mix depends on both the set of products of-
fered in the marketplace and the technology selected
for the products. In the case of automotive multiplex-
ing, it is feasible to adopt the multiplexing techno-
logy for some products and not for others; as such, the
model is developed so as to allow adoption of the ad-
vanced technology for any portion of the firm’s prod-
ucts. However, it should be noted that the alternative

case, where limitations on manufacturing flexibility or
other factors dictate that a firm either adopt a techno-
logy for all of its products or not at all, can easily be
accommodated by constraining decision variables ac-
cordingly. We assign selected products to either class
k = 1, denoting the incumbent technology, or class
k = 2, denoting the advanced technology. The deci-
sion variableyjk is set to 1 if productj is offered using
technologyk, and 0 otherwise.

An important factor that is often either ignored or
improperly included in determining relevant costs for
a new technology is the experience effect. Experience
curve reasoning is based on the observation that pro-
duction costs decline in a predictable manner as the
cumulative volume of product manufactured increases.
Specifically, each time cumulative production doubles,
the marginal unit cost of production declines by a con-
stant percentage depending on the type of industry and
product. The standard experience curve equation cal-
culates the marginal unit cost of thevth unit asCv =
C1v

−b, whereCv represents the cost of thevth unit
and b is a parameter that captures the rate at which
marginal costs decrease (for a review of experience
curves and calculation of associated parameters, see
Chase et al., 1998). Identification of an appropriate as-
sumption about the rate of cost decline with growing
volume is an issue that has important implications in
technology adoption decisions (see, e.g. Ghemawat,
1985).

Experience can affect relevant costs associated
with a new technology in several ways. First, many of
the significant technological advances considered by
firms today represent product architecture/platform
technologies that will allow similar structure across
products for which the technology is adopted. When
this is the case, volumes across multiple products must
be pooled to properly capture the benefits attributable
to experience, i.e. the appropriate cumulative produc-
tion volume is a function of the aggregate volume
across all products that use the new technology. Sec-
ond, given the relationship between experience-based
cost reductions and product mix and volume, it is
imperative that the technology adoption decision be
integrated with the choice of the firm’s product mix.
This is especially true if the cost structure for the new
technology differs from that of the incumbent tech-
nology (e.g. in the case of automotive multiplexing,
the advanced technology may be more cost effective
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than the incumbent technology for the most sophis-
ticated, high content vehicles, but less cost effective
for low content vehicles), since the profit maximizing
mix of products may vary with the technology. Fi-
nally, consideration of future demand, not just current
preferences, is critical to understanding the value of
investing in new technologies. In some cases, trends
in customer preferences can signal a shift in demand
that will affect product mix and volume. In others,
environmental factors such as changing regulations
for emissions standards in the automobile industry
(which motivate development of, e.g. fuel cell tech-
nologies) must be considered. Joint consideration of
anticipated changes in customer requirements (that
affect current and future production volumes) with
technology cost implications (that depend on product
mix and volume through experience effects) is critical
since current technology decisions influence the mix
of products that can be produced to most profitably
satisfy customer demands over the planning horizon.
By integrating these two elements in a technology
adoption decision model, insight is gained into the true
impact of technology adoption on firm profitability.

The cost structure developed in the model for the
new and incumbent technologies is consistent with that
required for automotive multiplexing. Specifically, the
incumbent technology (k = 1) is assumed to be ma-
ture, yielding constant unit costscj 1 for each product
j, independent of production volume. Unit costs for
each product with the advanced technology (k = 2)
are captured by two separate cost parameters. Para-
metercj 2 reflects costs associated with the part of the
product that continues to use existing technologies (for
which experience benefits are not relevant). A second
parameter captures production costs for components
and systems that use the new technology and which
are therefore subject to experience-based cost benefits.
In the case of automotive multiplexing, higher content
products use more of the multiplexed components and
systems, and therefore cost more and contribute more
to multiplexing production volumes. For the purposes
of the decision model, products are assumed to be in-
dexed by increasing product content (or complexity),
i.e. productj = 1 is the most basic candidate pro-
duct and productj = n is the most complex candidate
product. Associated with each candidate productj is a
factor rj that reflects productj’s multiplexing-related
production requirements and cost relative to those of

the base product. For example, if productj = 5 re-
quires 50% more multiplexing hardware than the base
productj = 1, thenr5 = 1.5. In the objective function
of the decision model, the total cost incurred for pro-
ducingv units of multiplexing components and sys-
tems to satisfy total demand for all productsj with
yj2 = 1, is captured by the experience curve approxi-
mation for total costs,(C1/(1− b))v1−b, whereC1 is
the first-unit cost using the advanced technology for
the base product (j = 1), andb is a parameter associ-
ated with the relevant experience curve (Chase et al.,
1998). Note that the model can easily accommodate
alternative cost structures, e.g. where the total cost of
a product produced with the advanced technology is
subject to experience effects (setcj2 = 0) or where
the cost of the incumbent technology also is subject
to experience (addk subscripts toC1 andrj , and sum
experience-based costs overk = 1, 2).

Setup and holding costs also affect the product mix
and technology choice decisions that maximize prof-
its. As described in Section 2.1, use of multiplexing
significantly reduces setup requirements between OP.
In general, advanced technologies often simplify prod-
uct architecture and increase use of common systems
across products, yielding a potential reduction in both
holding costs and setup times required in final product
assembly. We capture the setup and holding cost im-
plications of technology choice by assuming that the
firm replenishes in economic lot sizes. Specifically, we
estimate the fixed cost (fjk) of offering option pack-
agej with mechanization technologyk by calculating
the minimum total holding plus setup cost incurred if
productj has annual demanddj and is replenished in
economic lot sizes. This cost,fjk = √

2djSjkhjk, is an
approximation of actual cost incurred, whereSjk de-
notes the setup cost of option packagej mechanized
using technologyk, andhjk is the corresponding per
unit holding cost.

Investment costs are included in the model to cap-
ture, e.g. costs incurred to modify product designs and
develop production capability as required for adoption
of the new technology. Additionally, advanced tech-
nologies can yield quantifiable cost benefits over in-
cumbent technologies due to synergies in design and
engineering, increased reliability, and reduced war-
ranty costs. In the multiplexing cost study undertaken
by DE, an aggregate unit cost figure was generated for
a multiplexing mechanization of each level of option
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content, capturing relevant investment costs less cost
benefits associated with design and engineering syner-
gies, increased reliability, and reduced warranty costs.
In the decision model developed in this paper, we use
a disguised per-unit net cost figure,Bj , for each can-
didate productj. Since theseBj , as well as thefjk

above, assume a total product volume which is initially
unknown, an iterative approach is suggested for gen-
erating reasonable values for these parameters. Initial
parameter values, based on a reasonable assumption
of total volume, provide input to the model, which is
then solved to determine the optimal product mix and
associated total production volume. If this total vol-
ume is consistent with that assumed in generating the
parameter values, the solution is optimal and the pro-
cess is complete. If not, then parameter values can be
modified according to the total volume from the cur-
rent solution, and the model rerun. The process can
then be repeated until a solution is realized whose to-
tal volume is consistent with that assumed in deriving
the associated input parameter values. Our experience
with such an iterative approach indicates that the pro-
cess converges to a set of reasonable parameter values
in relatively few iterations.

It is important to note that the cost elements in-
cluded in the joint product mix/technology adoption
decision model developed in this paper are selected
because of their relevance to the multiplexing case
study, and are included in the form provided by DE.
In other environments, different costs could require
explicit inclusion in the model. Still, the model out-
lined below provides a normative basis for generating
long-term insights and examining trade-offs that are
commonly encountered in the evaluation of new tech-
nologies, especially those that represent a significant
shift in product or manufacturing architecture.

The problem can then be formulated as:
Maximize

T∑
t=1

n∑
j=1

2∑
k=1

(pj − cjk)(djt + sjt)yjk

− C1

1 − b


 T∑

t=1

n∑
j=1

rj (djt + sjt)yj2




1−b

−T

n∑
j=1

2∑
k=1

yjkfjk −
T∑

t=1

n∑
j=1

Bj (djt + sjt)yj2

Subject to

2∑
k=1

yjk ≤ 1, for all j (1)

sjt ≤
n∑

j ′=1

αjj ′dj ′t

(
1 −

2∑
k=1

yj ′k

)
, for all j,t (2)

T∑
t=1

sjt ≤ D

2∑
k=1

yjk (3)

yjk = 0, 1, j = 1, . . . , n, k = 1, 2

sjt ≥ 0, integer, j = 1, . . . , n, t = 1, 2, 3

The objective function captures profits that account
for relevant costs and benefits associated with the se-
lected mix of products and assigned technologies. The
first term in the objective function reflects revenues
less mature costs (i.e. those not subject to experience
effects) incurred for either technology, while the sec-
ond term captures advanced technology (k = 2) costs
for which experience effects are relevant. The objec-
tive function also captures the fixed costs associated
with selected products for either technology, as well
as the retooling investments required to gain necessary
manufacturing capabilities, adjusted to capture any
cost benefits, for the advanced technology. Constraints
(1) ensure that each selected product is assigned ex-
actly one technology. The additional (second-choice)
demand for each product that results when other sim-
ilar products are excluded from the product line is
assigned in constraint set (2), whereαjj ′ denotes the
portion of the demand for productj′ that is capture
by productj if product j but not productj′ is offered.
Constraints (3) prohibit assignment of second-choice
demand to a product that is not offered, whereD rep-
resents total demand over the planning horizon.

A linear form of the objective function is used to
generate problem solutions. Specifically, nonlinear
termssj tyjk are replaced by second-choice demand
variables that distinguish between mechanization
technologies, i.e.sj tk. Consistency withyjk indi-
cator variables is enforced by replacing constraint
set (3) with the following constraints,

∑T
t=1sjtk ≤

Dyjk, ∀j, k. Experience benefits are estimated by
using breakpoint values for advanced technology
volumes in conjunction with indicator variables that
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identify the relevant breakpoint volume as a function
of the primary decision variables (yjk andsj tk).

4. Case study — automotive multiplexing

In this section, we first describe the analysis under-
taken by DE and its automotive customer to evaluate
automotive multiplexing as an alternative technology
for mechanizing vehicle option content. The approach
outlined is representative of the type of analysis per-
formed to evaluate new technologies in the automotive
industry, and is similar in focus to standard finan-
cial analyses used for technology adoption decisions
across industries. We, then discuss shortcomings of
the standard analysis approach, motivate the need for
a broader context for technology adoption decisions,
outline disguised data obtained from DE, and discuss
the relationship between problem structure and the
efficiency of the associated solution process.

Cost studies developed by DE for assessment of
the multiplexing technology focus on identification of
the level of content complexity where multiplexing is
more cost effective than the conventional technology
(where again content complexity increases as more
features are added to a vehicle). In the study, five lev-
els of vehicle content complexity were identified for
costing purposes, as outlined in Table 1. As the level
of content complexity in a vehicle increases from one
level to the next, additional LCM hardware is required
for multiplexing; thus, the volume and cost of ad-
vanced technology components required for mecha-
nization are greater for higher content levels. Within a
level of content complexity, specific subsets of options
(OP) use the same LCM hardware, but may require
a slightly different number of connectors and per-
haps minimal additional wiring, yielding minor cost
increases for increasing content within a level.

The study examined both a high-volume and
low-volume demand scenario in order to capture the
impact of volume on cost. Consistent with industry
estimates, DE engineers assumed an 80% experi-
ence curve for the multiplexing technology, yielding
LCM module costs that decrease by 20% each time
production volume doubles. The standard experience
curve relationship was applied to compute costs, i.e.
Cv = C1v

−b, whereCv represents the cost of thevth
unit andb = 0.322, consistent with an 80% experi-

Table 1
Levels of content complexity

Level 1 Power windows
Power locks
Courtesy lamps
AM/FM cassette
Cruise control
Rear window defogger
Air conditioning

Level 2 All Level I features
Six-way power seats
Power mirrors

Level 3 All Level II features
Express down windows
Auto door locks
Illuminated entry

Level 4 All Level III features
Universal theft deterrent (UTD)
Memory eight-way power seats
Adjustable lumbar support
Memory power mirrors

Level 5 All Level IV features
Easy close doors
Express up windows
Personalized remote keyless entry (RK)
Heated seats
Shoulder belt height adjustment
Parking assist mirror adjustment
Dual zone HVAC

ence curve. Based on historical demand data, the cost
study further assumed that 60% of the total volume
requires Levels 1 and 2 content complexity, 25%
Level 3, and 15% Levels 4 and 5.

Two categories of unit cost elements are relevant
for multiplexing, the cost for the LCM hardware and
the cost of the conventional components required to
connect LCM modules, and experience effects apply
only to LCM hardware costs. Beyond unit produc-
tion costs, the study identified investment costs, e.g.
to modify vehicle designs and to develop the tooling
required to produce LCM modules, that must be in-
curred to manufacture multiplexed vehicles. The study
also identified significant cost benefits associated with
multiplexing that reflect cost synergies in engineer-
ing, increased reliability, reduced warranty costs, and
enhanced diagnostics for service and safety. In order
to facilitate unit-cost comparisons with the incumbent
technology, the study aggregated all investment costs
and cost benefits over a 3-year planning horizon, and
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Table 2
Unit cost comparison results from Delphi cost study

Level Low-volume High-volume

L1 Penalty (US$ 49) Penalty (US$ 21)
L2 Penalty (US$ 125) Penalty (US$ 29)
L3 Penalty (US$ 173) Penalty (US$ 61)
L4 Penalty (US$ 91) Savings US$ 51
L5 Penalty (US$ 48) Savings US$ 103

allocated them uniformly across an anticipated vol-
ume of vehicles, resulting in a per unit cost penalty
associated with multiplexing for each content level.

The focus of the cost study was to determine
whether multiplexing results in a cost penalty or
cost savings over the conventional technology for
each level of content complexity. Table 2 presents
the results of the unit-cost comparisons generated in
the multiplexing cost study. As indicated in Table 2,
the multiplexing technology is cost-justified only for
content Levels 4 and 5 under the high-volume sce-
nario. The study concluded that while multiplexing
should become increasingly attractive as the average
level of content complexity in vehicles increases, the
new technology should not be adopted at the time
of the study. Rather, the study recommended that
an implementation scheme be developed as part of
the firm’s strategic planning process, and that the
cost-effectiveness of multiplexing be evaluated for
each new electronically controlled feature developed
by the firm.

Our discussions with management indicated that
new technologies such as multiplexing are tradition-
ally adopted in an incremental fashion to hedge the
risks of large-scale investments in retooling without
volume commitments. The incremental adoption ap-
proach is consistent with the traditional unit cost-based
focus of technology adoption cost studies in the indus-
try, but has significant limitations that act to conceal
the true profit implications of alternative technology
adoption decisions. Frey (1991) provides excellent ex-
amples of incremental adoptions of features in auto-
mobiles based on his experiences with Ford Motor
company, and discusses the need for product champi-
ons to get new features and technologies into automo-
biles. The model developed in this research provides
a framework for developing the required support for
promising new technologies.

Several factors motivate a more thorough analysis
of automotive multiplexing. First, given the experience
curve rates assumed relevant for technologies like mul-
tiplexing in the automobile industry, the cost of mul-
tiplexing depends significantly on the total amount of
LCM hardware used for content mechanization across
all levels of content complexity. In turn, the cumula-
tive production volume of LCM hardware is a func-
tion of both the mix of OP offered by the firm across
all levels of content, and the demand for those OP. In
addition, hybrid policies that allow any combination
of content levels to use multiplexing (e.g. a selected
mix of moderate- and high-content vehicles), should
be evaluated to more accurately determine the poten-
tial impact of adopting the advanced technology on
the firm’s overall costs and profits. Finally, efforts by
automobile manufacturers to restructure their vehicle
divisions to eliminate duplication of effort and facil-
itate coordination across similar vehicles Wall Street
Journal, 1994, 1996b, c) potentially increase the rel-
evant volumes of LCM hardware, further decreasing
the marginal cost of multiplexing.

As discussed in Section 3, one factor important
in the evaluation of new technologies is the experi-
ence effect. While traditional analysis often includes
explicit consideration of experience (as, e.g. in the
DE cost study), the lack of coordination with product
mix decisions and the focus on incremental adoption
(i.e. failure to consider the implications of coordinated
adoption across content levels) prevent identification
of the true cost and profit implications of alternative
adoption decisions. In fact, because of the significant
experience effect governing LCM hardware cost, the
profit maximizing assignment of mechanization tech-
nology (k = 1 ork = 2) to a particular option package
is strongly influenced by the degree to which other se-
lected OP use the multiplexing technology, as shown
below.

4.1. Implications of volume-related experience
benefits for multiplexing

The cost studies summarized in Section 3 indicate
that multiplexing costs less than conventional mecha-
nization for the highest content vehicles only when a
sufficient volume of those high-content, multiplexed
vehicles are produced and sold. The cost of using
multiplexing for lower content vehicles is shown to
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Table 3
Option packages by content complexity (L1–L5)

Level Option packages Economy vehicle Luxury vehicle

Level 1
L1-I Courtesy lamps, AC, AM/FM cassette OP1 –
L1-II L1-I plus: rear window defogger, cruise control OP2 –
L1-III L1-I plus: power windows, power locks OP3 –
L1-IV All Level 1 options OP4 –

Level 2
L2-I L1-IV plus: power mirrors OP5 –
L2-II L2-I plus: six-way power seats OP6 –

Level 3
L3-I L2-II plus: auto door locks OP7 OP1
L3-II L3-I plus: illuminated entry OP8 OP2
L3-III L3-II plus: express down windows OP9 OP3

Level 4
L4-I L3-III plus: memory power mirrors – OP4
L4-II L4-I plus: eight-way power seats, adjusstment lumbar support – OP5
L4-III L4-I plus: universal theft deterrent (UTD) – OP6
L4-IV All Level 4 options – OP7

Level 5
L5-I L4-IV plus: dual zone HVAC, heated seats – OP8
L5-II L5-I plus: shoulder belt Ht. adjustment, parking assist

mirror adjustment, personalized remote key entry (RKE)
– OP9

L5-III L5-I plus: easy close doors, easy up windows – OP10
L5-IV All Level 5 options – OP11

be higher than conventional mechanization, but this
cost penalty is calculated under the assumption that
volume-related experience is accumulated only within
a content level, with different content levels evaluated
independently. In practice, the marginal cost for us-
ing multiplexing depends on the cumulative amount
of LCM hardware used for all multiplexed OP. When
cumulative volumes are explicitly factored into the
analysis, using multiplexing on lower content vehicles
may be attractive, even when the technology cannot
be cost justified for individual low-content levels.

To illustrate, suppose five OP are offered, represent-
ing each of the five levels identified in Table 3. Fig. 1
depicts unit costs realized when either the conven-
tional (C) or multiplexing (M) technology is used to
mechanize all option content levels, under the assump-
tion that all levels of option content use the same base
LCM hardware for multiplexing mechanization. Each
multiplexing cost curveM(v) depicts the average unit
cost incurred if an 80% experience curve is relevant
and vehicle volumes are uniformly distributed across
the five content levels. For a given content level, the

Fig. 1. Relationship between content complexity and unit mecha-
nization costs whenbaseLCM hardware issufficient for allcom-
plexity levels.
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Fig. 2. Relationship between content complexity and unit mech-
anization costs whenadditional LCM hardware isrequired for
higher complexity levels.

set of multiplexing cost curves reflects the decreas-
ing unit costs realized when the volume of vehicles
manufactured with the advanced technology increases
(Fig. 2).

Fig. 3. Economy vehicle mechanization costs under alternative policies.

Figs. 3 and 4 show the unit costs and total costs
associated with four policies that incorporateboth
mechanization technologies, based on 1997 demand
forecasts for economy and luxury vehicles, respec-
tively. These figures illustrate the importance of in-
tegrating mechanization technology decisions across
content levels. For example, in Fig. 3, the total cost of
a policy that offers all economy vehicle content levels
with the conventional technology (C(L1,L2,L3)) is
less than the total cost of mechanizing option content
levels L1 and L2 conventionally and content level
L3 with multiplexing (C(L1,L2)M(L3)). Based on
this comparison, multiplexing would not be adopted.
However, if both content levelsL2 andL3 use mul-
tiplexing and levelL1 uses conventional technology
(C(L1)M(L2,L3)), or if all three levels use multiplex-
ing (M(L1,L2,L3)), then the combined volumes are
sufficient to reduce total cost below that for policy
C(L1,L2,L3). Similarly, note in Fig. 4 that if we ex-
amineunit costsfor luxury vehicle content levelL3,
we conclude that multiplexing is more costly than the
conventional technology,even when all levels of con-
tent are multiplexed, M(L3,L4,L5). However, total
costsare minimized under this mechanization policy
due to the reduced costs forL4 andL5 that result from
the contribution ofL3 vehicles to total LCM volume.
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Fig. 4. Luxury vehicle mechanization costs under alternative policies.

4.2. Demand and cost data for model application

Two vehicle platforms are included in the analysis,
corresponding to economy and luxury vehicles, re-
spectively. Marketing information from DE indicates
that option content for the economy vehicle ranges
from L0 (no significant option content) toL3, while
option content for the luxury model ranges fromL3 to
L5. A total of seventeen candidate OP are identified in
the analysis to represent varying degrees of complex-
ity across the five levels of option content outlined in
Table 1. Table 3 specifies the OP associated with each

Fig. 5. Distribution of demand across candidate OP for economy vehicle.

Fig. 6. Distribution of demand across candidate OP for luxury vehicle.

level of content complexity, and indicates the type of
vehicle (economy or luxury) offered with each option
package.

Demand forecasts for the next model year were ob-
tained for the specific economy (D = 200,000 units)
and luxury (D = 40,000 units) vehicle platforms,
with the anticipated distribution of vehicle demand
across the designated levels of option content as indi-
cated in Figs. 5 and 6. According to these estimates,
15% of all consumers purchasing an economy vehicle
will select the base vehicle with no significant content
(represented by OP0 in Fig. 5). In addition to the base
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Table 4
Price, cost, and demand data for economy vehicle

OPj pj (US$) cj 1 (US$) cj 2 (US$) rj Bj (US$) Single-model demandD = 20000 Category demandD = 1M

dj t dj t

OP1 240 120 120 1.0 27 20000 100000
OP2 280 140 125 1.0 27 20000 100000
OP3 320 160 130 1.0 27 20000 100000
OP4 340 170 132 1.0 27 20000 100000
OPS 360 180 135 1.5 41 20000 100000
OP6 390 195 140 1.5 41 20000 100000
OP7 430 215 145 2.4 65 18000 90000
OP8 450 225 155 2.4 65 16000 80000
OP9 480 240 165 2.4 65 16000 80000

vehicle,n = 9 OP (capturing the remaining 85% of
forecasted demand) are considered for the economy
vehicle. The luxury vehicle will be offered with con-
tent from levelsL3–L5, with n = 11 OP (OP1–OP11
in Fig. 6) considered in the analysis.

We consider two demand scenarios for each vehicle
category. In the first scenario, total annual demand is
set according to the single-model estimates obtained
for the economy and luxury vehicles. The second de-
mand scenario extends the volumes to include multiple
vehicle models in the same category, since automobile
manufacturers typically offer a variety of economy
and luxury vehicles (e.g. General Motors (GM) of-
fers several different economy vehicles, including the
Pontiac Sunbird and Grand Am, Chevrolet Cavalier,
Buick Skylark, and Saturn SL1, and has announced
plans to develop a small-car group to exploit synergies

Table 5
Price, cost, and demand data for luxury vehicle

OPj pj (US$) cj 1 (US$) cj 2 (US$) rj Bj (US$) Single-model demandD = 40000 Category demandD = 200000

dj 1 dj 2 dj 3 dj 1 dj 2 dj 3

OP1 430 215 145 2.4 65 4400 4000 3600 22000 20000 18000
OP2 450 225 155 2.4 65 3600 3200 2800 18000 16000 14000
OP3 480 240 165 2.4 65 3600 3200 2800 18000 16000 14000
OP4 520 260 175 3.4 92 3600 3200 2800 18000 16000 14000
OP5 700 350 205 3.4 92 3600 3200 2800 18000 16000 14000
OP6 920 460 235 3.4 92 3600 3200 2800 18000 16000 14000
OP7 1100 550 260 3.4 92 3600 3200 2800 18000 16000 14000
OP8 1300 650 290 4.0 108 3600 4400 4800 18000 22000 24000
OP9 1460 730 310 4.0 108 3600 4400 4800 18000 22000 24000
OP10 1620 810 330 4.0 108 3600 4000 4800 18000 20000 24000
OP11 1800 900 350 4.0 108 3200 4000 5200 16000 20000 26000

across similar vehicle platforms, Wall Street Journal,
1994). To capture the volume benefits gained by co-
ordinating manufacturing across similar vehicles, cat-
egory demand is set at five times the annual demand
estimates provided for the individual vehicle models
in each category. Clearly, the configuration of manu-
facturing facilities and the level of coordination across
vehicle divisions and brands are important factors in
determining whether or not experience benefits are
shared across similar vehicles.

In Table 4,dj t denotes the annual demand for econ-
omy vehicles with option packagej in year t under
each demand scenario. Similar demand information
is provided in Table 5 for the luxury vehicle category,
with demand figures reflecting a shift in luxury ve-
hicle demand toward higher content levels for future
years as anticipated by DE marketing research (this
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Table 6
Alternative product substitution ratesa

90% substitution 80% substitution

OPj is offered All 100 customers purchase OPj All 100 customers purchase OPj
OPj is not offered 10 customers choose not to purchase vehicle 20 customers choose not to purchase vehicle

90 customers select similar alternativeb 80 customers select similar alternativeb

a Suppose 100 customers have option packagej (OPj) as their first choice.
b If customer’s second-choice option package is also not offered, then the customer does not purchase vehicle.

trend is not expected for the firm’s economy mod-
els). Including demand trends in the model is signifi-
cant, since the optimal product mix and volume may
change over the planning horizon accordingly. In this
case, the estimated shift in preferences toward higher
content is conservative. By applying the model under
alternative assumptions about changing customer re-
quirements, additional insights into the potential im-
pact of alternative technology adoption decisions can
be generated. Revenue information is captured using
disguised prices (pj ) for each candidate option pack-
age, as shown in Tables 4 and 5 for the economy and
luxury vehicles, respectively. To be consistent with the
framework of the cost study outlined in Section 3, we
use a 3-year planning horizon in our analysis and ag-
gregate the demands in Tables 4 and 5 into a single
period demand volume.

We examine two mechanisms for distributing
demand across alternative OP when one or more candi-
date OP are left out of the product mix, thereby allow-
ing the sensitivity of customer demand to first-choice
option content availability to be varied. In the first
scenario, 90% of the customers with first-choice de-
mand for option packagej (OPj) on a given vehicle
can be satisfied with a similar second-choice option
package (e.g. OP(j ± 1) or OP(j ± 2)) if their first
choice (OPj) is not offered. Thus, 10% of the de-
mand for OPj is lost if OPj is not offered. Additional
demand is lost if a second-choice option package is
also absent from the firm’s product mix. Under the
second scenario, 80% of customers will purchase the
vehicle with an alternative option package if their
first-choice option package is not offered, as illus-
trated in Table 6. Table 7 shows the second-choice
distribution of demand under each scenario for the
economy vehicles, whereαjj ′ is the percentage of
OPj′’s demand captured by OPj if OPj but not OPj′ is

offered. Second-choice distribution of demand for the
luxury vehicles follows an identical pattern (i.e. OP1,
OP2, OP(n − 1), and OPn follow the same pattern for
either vehicle type, as do OP3 through OP(n − 2)).

There is evidence to support the assumption that
customer demand is not extremely sensitive to spe-
cific content preferences. Recent efforts by GM to
offer a simpler, more limited menu of OP won the ap-
proval of customers in California (Wall Street Journal,
1996a), and GM is expected to extend use of the new
value pricing approach, citing customers’ preferences
for more consistent pricing and a haggle-free buying
experience. Customers’ willingness to sacrifice some
degree of choice flexibility in favor of a simplified
buying experience is also supported in the academic
literature (see, e.g. Purohit and Sondak, 1999).

Tables 4 and 5 provide cost data for each option
package listed in Table 3. Specifically,cjk represents
the cost of producing and assembling conventional
components for conventional (k = 1) and multiplex-
ing (k = 2) mechanization of option packagej, rj

reflects the relative amount of LCM hardware needed
to mechanize option packagej with multiplexing, and
Bj is the net investment cost penalty (as described in
Section 3). Setup and holding costs can also affect the
product mix and technology choice decisions. In this
case, multiplexing results in significantly lower setup
times to change over between OP. As discussed in Sec-
tion 2, these efficiencies result from the simplified in-
terface for option content mechanization, and become
increasingly significant for higher content levels since
the conventional technology requires selection and in-
tegration of an increasing array of wiring and electron-
ics for assembly of higher content vehicles. Fixed cost
estimates that capture setup and holding cost implica-
tions are provided in Table 8 for each total demand
scenario.
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Table 7
Second-choice demand distribution

OPj′ OPj

OP1 OP2 OP3 OP4 OP5 OP6 OP7 OP8 OP9

Scenario 1 (αjj ′ )
OP1 0.00 0.80 0.10 0.00 0.00 0.00 0.00 0.00 0.00
OP2 0.45 0.00 0.40 0.05 0.00 0.00 0.00 0.00 0.00
OP3 0.05 0.40 0.00 0.40 0.05 0.00 0.00 0.00 0.00
OP4 0.00 0.05 0.40 0.00 0.40 0.05 0.00 0.00 0.00
OP4 0.00 0.00 0.05 0.40 0.00 0.40 0.05 0.00 0.00
OP6 0.00 0.00 0.00 0.05 0.40 0.00 0.40 0.05 0.00
OP7 0.00 0.00 0.00 0.00 0.05 0.40 0.00 0.40 0.05
OP8 0.00 0.00 0.00 0.00 0.00 0.05 0.40 0.00 0.45
OP9 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.80 0.00

Scenario 2 (αjj ′ )
OP1 0.00 0.70 0.10 0.00 0.00 0.00 0.00 0.00 0.00
OP2 0.40 0.00 0.35 0.05 0.00 0.00 0.00 0.00 0.00
OP3 0.05 0.35 0.00 0.35 0.05 0.00 0.00 0.00 0.00
OP4 0.00 0.05 0.35 0.00 0.35 0.05 0.00 0.00 0.00
OP4 0.00 0.00 0.05 0.35 0.00 0.35 0.05 0.00 0.00
OP6 0.00 0.00 0.00 0.05 0.35 0.00 0.35 0.05 0.00
OP7 0.00 0.00 0.00 0.00 0.05 0.35 0.00 0.35 0.05
OP8 0.00 0.00 0.00 0.00 0.00 0.05 0.35 0.00 0.40
OP9 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.70 0.00

4.3. Problem simplification

For problems involving only a moderate number of
OP, the formulation can be solved using standard in-
teger programming solvers. For larger problems, the
cost structures associated with the conventional and
multiplexing technologies permit the development of

Table 8
Fixed cost data

OPj Economy vehicle OPj Luxury vehicle

D = 200000 D = 1000000 D = 40000 D = 200000

fj 1 (US$) fj 2 (US$) fj 1 (US$) fj 2 (US$) fj 1 (US$) fj 2 (US$) fj 1 (US$) fj 2 (US$)

OP1 397251 198625 1986254 993127 OP1 194918 123277 974592 616386
OP2 463459 231730 2317296 1158648 OP2 182449 115391 912245 576955
OP3 529668 264834 2648339 1324169 OP3 194612 123084 973062 615418
OP4 562772 281386 2813860 1406930 OP4 210830 133341 1054150 666703
OP4 595876 297938 2979381 1489691 OP4 283810 179497 1419048 897485
OP6 645533 322766 3227663 1613831 OP6 373007 235910 1865035 1179552
OP7 675217 337608 3373084 1688042 OP7 445987 082067 2229933 1410334
OP8 666210 333105 3331049 1665525 OP8 618050 390889 3090252 1954447
OP9 710624 355312 3553119 1776560 OP9 694118 438999 3470591 2194994

OP10 734343 464440 3671717 2322198
OP11 815937 516040 4079686 2580220

a simplified decision rule for assigning the profit max-
imizing mechanization technology to selected OP. The
following result establishes the consequent relation-
ship among theyjk decision variables, indicating that
if option packagej′ ∈ L is offered with the multiplex-
ing technology, then any OPj > j ′, j ∈ L offered on
the vehicle will also use multiplexing.
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Result: For content complexity levelL, if yj ′2 = 1,
j′ ∈ L, thenyj1 = 0 for all j > j ′, j ∈ L. A proof is
provided in Morgan and Daniels (1999).

The result allows the following constraint to be
added to the formulation:

JL∑
h=j+1

Jh,1 ≤ JL(1 − yj2),

j ∈ L, L = L1, . . . , L5, (4)

where JL denotes the index of the option pack-
age with the highest content in levelL. Constraint
set (4) significantly reduces the number of product
lines/mechanization technology pairs that must be
evaluated to determine the optimal solution. Specif-
ically, without constraint set (4), the total number
of possible solutions is a combination of the to-
tal number of possible product lines and the two
possible mechanization technologies that can be as-
signed to each option package in the product line,
or
∑n

i=0 (\begin{array}{l}n\\i\\\end{array}) × 2i .
For the luxury vehicle, then = 11 candidate OP
translate into 177,147 possible solutions. Constraint
set (4) reduces the number of solutions within each

content level to
∑nL

i=0

(
nL

i

)
(i + 1). For the luxury

vehicle example withn = 11 OP in levelsL3–L5,
the number of possible solutions is decreased to∏L5

L=L3

[∑nL

i=0

(
nL

i

)
(i + 1)

]
, or 46,080. Thus, the

result reduces the solution space to 26% of its original
size.

Note that because the amount of LCM hardware
required to mechanize option content increases across
levelsL1 throughL5 (as reflected by increasing values
of rj in Tables 4 and 5), the model can be simpli-
fied only within each content level. However, a more
general technology adoption context might be char-
acterized by a unit cost advantage for the advanced
technology that is strictly increasing with product
complexity across all products. In this case, constraint
set (4) would apply to the entire set of candidate prod-
ucts, and thus would have an even greater impact on
the number of feasible solutions (for the luxury vehi-
cle example, the number of possible solutions would
be reduced to 13,312, or 7.5% of the original solution
space). Note also that for the more general structure,
the model simplification result allows the problem to

be decomposed inton smaller problems (one for each
value of j), each requiring 2n fewer integer variables.
Such a problem separation would be useful for larger
applications where problem tractability is an issue.

5. Insights into the technology adoption decision

We use the model developed in Section 3 to inves-
tigate the impact of several factors on optimal product
mix and technology adoption decisions. Specifically,
we consider the impact of vehicle category (economy
versus luxury), annual vehicle demand (model demand
versus category demand), the degree to which cus-
tomers accept substitute OP (80% versus 90% sub-
stitution rate), and the rate of experience associated
with the multiplexing technology (77.5, 80.0, 82.5,
or 85.0%) on the optimal solution. We also compare
firm profits associated with solutions generated by our
model with those obtained when technology adop-
tion decisions are made according to the traditional
unit cost-based approach. Our results highlight the
benefits of integrating technology adoption decisions
with other strategic initiatives of the firm, including
market-driven product mix decisions and efforts to
coordinate manufacturing resources across the firm’s
product lines.

Tables 9 and 10 present results for the economy
vehicle with single-model and category demand, re-
spectively, under varied assumptions about the rate of
experience (P%) and the degree of substitution (S). We
report optimal profits for a 3-year planning horizon
(PROFIT), the optimal number of OP offered (prod-
uct line breadth, PLB), the annual demand captured
by the selected OP (DEMAND), the percentage of ve-
hicles mechanized with the multiplexing technology
(MUX), and the investment in retooling required to
produce the required volume and mix of vehicles with
multiplexing (INVEST). We also provide information
on solutions obtained if option content for all economy
vehicles is mechanized using the conventional tech-
nology, or if multiplexing is used for all levels of op-
tion content. Deviations from optimal profits measure
the potential improvement in performance that could
be realized by exploiting the opportunity to use both
the incumbent and advanced technologies in mech-
anizing different levels of option content. Moreover,
the results for the 100% conventional mechanization
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Table 9
Single-model results for economy vehiclea

Annual demand of 200000 units Conventional Multiplexing

P (%) S (%) PROFIT (US$) PLB DEMAND MUX (%) INVEST (US$) Optimal profits (%) PLB Optimal profits (%) PLB

77.50 90 91238 7 166000 78 18200 15 6 2 8
77.50 80 89810 8 166000 66 15400 17 8 2 8
80.00 90 84635 7 166000 60 14000 6 6 3 8
80.00 80 83686 8 166000 66 15400 9 8 3 8
82.50 90 79613 6 164400 0 0 0 6 14 8
82.50 80 76922 8 166000 0 0 0 8 12 8
85.00 90 79613 6 164400 0 0 0 6 60 6
85.00 80 76922 8 166000 0 0 0 8 59 8

a Profit and investment figures in US$ 1000’s.

Table 10
Category results for economy vehiclea

Annual demand of 1000000 units Conventional Multiplexing

P (%) S (%) PROFIT (US$) PLB DEMAND MUX (%) INVEST (US$) Optimal profits (%) PLB Optimal profits (%) PLB

77.50 90 476786 7 830000 78 91000 20 6 1 7
77.50 80 471548 8 830000 80 92400 23 8 1 8
80.00 90 454824 7 830000 78 91000 14 6 2 7
80.00 80 449912 8 830000 80 92400 17 8 2 8
82.50 90 417703 7 830000 60 70000 5 6 4 7
82.50 80 412723 8 830000 66 77000 7 8 3 8
85.00 90 398066 6 822000 0 0 0 6 21 7
85.00 80 384610 8 830000 0 0 0 8 19 8

a Profit and investment figures in US$ 1000’s.

policy illustrate the extent to which profits are sacri-
ficed if multiplexing is not adopted, e.g. if the tech-
nology is rejected for the stated planning horizon due
to unfavorable unit cost comparisons with the incum-
bent technology. Tables 11 and 12 present similar re-
sults for the luxury vehicle; however, results for the

Table 11
Single-model results for luxury vehiclea

Annual demand of 40000 units Conventional

P (%) S (%) PROFIT (US$) PLB DEMAND MUX (%) INVEST (US$) Optimal profit (%) PLB

77.50 90 81142 9 39280 100 5600 39 8
77.50 80 80652 10 39280 100 5600 41 8
80.00 90 76622 9 39280 100 5600 35 8
80.00 80 76150 10 39280 100 5600 37 8
82.50 90 69339 9 39280 100 5600 29 8
82.50 80 68898 10 39280 100 5600 31 8
85.00 90 59342 8 38920 58 4200 17 8
85.00 80 58708 10 39280 67 4200 18 8

a Profit and investment figures in US$ 1000’s.

100% multiplexing policy are omitted, since the ma-
jority of solutions assign the multiplexing technology
for all OP offered.

Tables 9–12 show that profits grow steadily as
experience rates for multiplexing increase. Higher
experience rates (e.g.P = 77.5%) imply lower
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Table 12
Category results for luxury vehiclea

Annual demand of 200000 units Conventional

P (%) S (%) PROFIT (US$) PLB DEMAND MUX (%) INVEST (US$) Optional profit (%) PLB

77.50 90 420410 9 196400 100 28000 41 8
77.50 80 417912 10 196400 100 28000 43 8
80.00 90 405553 9 196400 100 28000 39 8
80.00 80 403113 10 196400 100 28000 41 8
82.50 90 379848 9 196400 100 28000 35 8
82.50 80 377515 10 196400 100 28000 37 8
85.00 90 335726 8 192800 68 19600 26 8
85.00 80 333416 10 196400 89 25200 28 8

a Profit and investment figures in US$ 1000’s.

average unit costs for multiplexing, which in turn
drive increases in the optimal product line breadth
(PLB) and total demand satisfied (DEMAND). Note
also that for a given rate of experience, product line
breadth grows as use of multiplexing increases, i.e.
PLB(conventional) ≤ PLB∗ ≤ PLB(multiplexing).
Thus, the volume-related experience benefits and re-
duced product changeover complexity associated with
multiplexing are best exploited by offering broader
product lines.

Fig. 7 shows the total demand satisfied and the mix
of conventional (k = 1) and multiplexing (k = 2)
mechanizations for the optimal set of OP for each
experience rate, assuming single-model demand and
S = 90%. Fig. 7 demonstrates that cost effective adop-
tion of multiplexing requires sufficient volumes of

Fig. 7. Single-model demand.

multiplexed vehicles across content levels (note, e.g.
that all solutions that include any use of multiplexing
have at least 58% of the vehicle volume mechanized
with the multiplexing technology). Fig. 8 provides a
similar analysis using category demand, i.e. when the
multiplexing decision is coordinated across similar
vehicle models. A comparison of Figs. 7 and 8 shows
that by coordinating adoption of multiplexing across
multiple vehicle models, the volume of multiplexed
vehicles increases, which in turn reduces the cost of
multiplexing and increases its adoption. The resulting
impact on profits is significant. If coordination oppor-
tunities are ignored, profits obtained for five economy
vehicle models (each withD = 200,000) are approxi-
mately five times the profit earned by a single model.
When experience benefits are exploited across five
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Fig. 8. Category demand.

economy vehicle models (D = 1,000,000), a 5–7%
(US$ 20M–30M) increase in profits is observed for
experience rates of 77.5–82.5%. Similar coordination
across luxury vehicles yields a 4–6% (US$ 15M–25M)
increase in profits for experience rates of 77.5–80.0%,
and 9–14% (US$ 30M–40M) for lower experience
rates. Clearly, coordination across vehicle divisions
within the firm, including standardization of product
design and manufacturing processes across vehicles,
would further enhance the attractiveness of multiplex-
ing while contributing additional profits for the firm.

Finally, Tables 9–12 indicate that the firm’s profit
performance can be significantly improved by adopt-
ing multiplexing for mechanization of option content
on some portion of the firm’s vehicles. Specifically,
optimal profits are as much as 23% higher for the
economy vehicle, and between 17 and 43% higher for
the luxury vehicle, than the profits associated with the
100% conventional mechanization policy that results
when the adoption decision is made on the basis of
unit cost comparisons like those generated in tradi-
tional industry cost studies.

5.1. Implications for technology adoption decisions

The results of our analysis reveal insights into sev-
eral important technology adoption issues.
• Decisions about manufacturing-related technolo-

gies cannot be made exclusively from the perspec-
tive of the manufacturing function. With respect

to multiplexing, our analysis indicates that costs
depend significantly on volume-based experience
benefits, which are a function of the mix and vol-
ume of products that must be accommodated by
manufacturing.

• A firm’s position in the marketplace, with respect
to both the market segments it serves and the share
of the market it can capture, has a significant im-
pact on the optimal technology adoption decision.
The different multiplexing adoption strategies iden-
tified for the alternative demand (single-model ver-
sus category) and platform (economy versus luxury)
scenarios in Tables 9–12 demonstrate this effect.

• Technology adoption decisions shape the product
mix optimally offered by the firm. In the case of
multiplexing, we observe that the optimal product
line breadth grows as the percentage of vehicles
assigned the multiplexing technology increases. As
a result, the technology adoption decision will have
implications for the firm’s product mix and profit
performance over the planning horizon.

• Finally, incremental adoption strategies can
undermine the potential benefits of advanced
manufacturing-related technologies. Efforts to
avoid large-scale retooling investments typically
lead to gradual adoption of new technologies like
multiplexing by firms in the automobile industry.
Our analysis suggests that incremental adoption
strategies can yield suboptimal performance. Sev-
eral factors demand a broader technology evalua-



238 L.O. Morgan, R.L. Daniels / Journal of Operations Management 19 (2001) 219–238

tion context, including significant volume effects
associated with advanced technologies, changing
customer preferences for product mix, and firms’
growing emphasis on coordination of manufactur-
ing requirements across vehicles. Capitalizing on
opportunities for timely introduction of promising
technologies in these cases requires a broader anal-
ysis that jointly considers technology adoption and
product line decisions.

6. Conclusion and directions for continuing
research

The insights generated through analysis of the mul-
tiplexing adoption decision by firms in the automobile
industry suggest the need for more robust considera-
tion of opportunities to adopt advanced technologies.
Specifically, the analysis must extend beyond cost
trade-offs in manufacturing to include the broader
implications of product mix and volume as defined
by market demands and preferences. Future research
should explore the implications of competitive inter-
actions, especially in environments where demand
for more complex products, that are often more cost
effectively produced with advanced technologies,
continues to increase over time as customers become
increasingly sophisticated. In the case of automotive
multiplexing, the firm’s future ability to compete in
the profitable high-end vehicle market will depend on
current technology adoption decisions. Extensions to
the model that capture long-term competitive effects
could further benefit the technology adoption decision
process.
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