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Abstract

This paper focuses on the connection between product complexity and vertical
integration using original empirical evidence from the auto industry. A rich literature has
addressed the choice between internal production and external sourcing of components in
the auto industry. More recent literature has developed the concept of product
architecture as another choice variable that may be one of the important contributors to

- product complexity. In this paper, we connect these two important decisions and study
them jointly. We use the property rights approach to argue that complexity in product
design and vertical integration of production are complements: that in-house production
is more attractive when product complexity is high, as firms seek to capture the benefits
of their investment in the skills needed to coordinate development of complex designs.
We test this hypothesis with a simultaneous equations model applied to data from the
luxury performance segment of the auto industry. We find a significant and positive
relationship between product complexity and vertical integration. This has implications
for optimal incentive structures within firms, as well as for interpreting firm
performance.
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Development, the International Center for Research on the Management of Technology, and the Industrial
Performance Center, all at M.LT. Extremely valuable comments were provided by Susan Athey, David
Ellison, Charles Fine, Oliver Hart, Jerry Hausman, Rebecca Henderson, Paul Joskow and Nelson
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and for assistance from Takahiro Fujimoto, Johan Lilliecreutz and Kentaro Nobeoka.



1. lntkoduction

‘This paper focuses on the connection between product complexity and vertical
integration using original empirical evidence from the auto industry. Product c,omplexity has
three main elements: 1) the number of product components to specify and produce, 2) the

extent of interactions to manage between these components (parts coupling), and 3) the

_degreé of product noVéIty. ‘Variations' in product 'compléxity are driven by a mimbér of

factors such as choices in performance, technology, and product architecture. The effect of

this product design choice on the outsourcing decision can be profound, as greater product

compleXity gives rise to coordination challenges during product dévelopment. We use the

property rights approach to argue that complexity in product design and vertical integration
of pr(_)duction are cémplements: that in-house production is more attractive when product
complexity is high, as firms seek to capture the benefits of their investment in the skills
needed to coordinate development and production of complex designs. We test this
hypothesis with a simultaneous equations model applied to original data from the luxury
performance segment of the auto industry.

This research builds on efforts to capture the role of asset specificity in the vertical
integration decision. Product complexity creates a variety of transaction costs, such as the
coordination cost to design and‘exec_ute production. Consider the following three examples

taken from our work in the auto industry.

! We refer to product complexity as a proxy for transaction costs. However, product complexity is neither
limited to asset specificity nor does it necessarily capture asset specificity in entirety, as asset specificity is
a very abstract concept. We use the more concrete assumptions of the property rights literature in testing
our hypothesis. '



1. Number of components. ‘Vehicles can be designed for electronic control with one to
several multiplexing switchés. Adding more multiplexes, such as modules in thé doors and
body, simplifies wiring, whi@h saves space, reduces weight, and improves elecirical
perforrﬂance. However, each additionél multiplex requires its own part drawing, part
number, complicated electronic testing and validation, and associated tl;acking and design
‘work. Thus, ad&ing ‘more parts adds to the ‘coordination needed to ensure vehicle

- development.

2. Component interactions. Vehicles are often designed with front wheel drive in order to
provide better handling on slippery roads. However, a front wheel drive automatic
~ transmission must be much narrower than a rear-wheel drive transmissiqn in order to fit
between the front wheelé. This narrow design requires much tighter physical adjacency of
components within the tra'nsmiésiqn system. A‘sAa result, making changes to a component is
much more likely to réquire further parts changes, as the components are tightly coupled.
This requires that any part changes must be further coordinated with the designs of all the
coﬁpled parts. Thus, the more interconnected are the parts in a system, the more difficult it is

to coordinate development.

3. Product Novelty. When a product involves a new architecture or new technologies, there
is not a stable, well-understood set of interactions between components. The process of
identifying and understanding these relationships adds to the difficulty of coordinating
development'.‘ For example, in fhe desigri of the vehicle suspension system, occasionally a

new configuration will be used for either the front or rear suspension design. When such a



new type of suspension is utilized, it affects the entire vehicle's dynamics. Lengthy and
difﬁculf development iterations are required to create the desired vehicie performance. ‘New
interéctions between components méy be discovered and must be explored in order .to
optimize.thg new suspension. However, once a particular front and rear suspensioh system
has been .developed and used ina véhic‘le, the‘proce‘ss' of coordiﬁating development for

another vehicle with the same type of suspension is much easier.

In light of the costs associated with product complexity, both transaction costv
theory and the property rights approach offer similar predictions, namely, that product
complexity and vertical integration are complements. Transaétion cost theory suggests
that a firm seeking to minimize the coordination costs associated with developi_ng a
complex system will internalize production.? As’ fofrnalizéd by Grossman and Hart
(1986), the pfoperty rights view is that only physical asset ownership affects the
incentives of the parties to invest in the skills required for coordination of compiex ’
~designs. Vertical integration of production provides the manufacturer with residual rights
of control over those assets, and allowing the manufacturer to capture the benefits of its
investment. The manufacturervwill integrate production of complex systems in order to
capture the benefits of its skill investment.

For the purposes 6f empirical testing, we adopt a model based on the property
rights framework for the following reason: the investment in skills needed to coordinate -
the product development process takes place during the design phase of product

development, but the benefits of this investment are determined during the production

? In Williamson's (1975) vieW, for example, vertical integration allows bargaining issues to be resolved by
fiat; he assumes that employees (in contrast to suppliers) obey orders. Thus coordination within the firm
will be better than coordination between firms.



stage. That is,_most auto components are first designed, then prototypes are produeed and
tested, after whieh any necessary changes are made fo the initial design. It is not poSsible
‘before testing to enumerate the exact amount and nature of changes in design that will be
required, thus product development in the auto industry is a classic example of
contractual mcompleteness After testlng, the party that owns the assets at the productlon
stage determmes the changes that are to be made to the initial design. This is why we use
a framework that connects skill investment to asset ownership.

The usual empirical modei of firm structure takes asset specificity as .exoge‘nous,
focusing on firm structure as determined by specificity. Our empirical analysis explicitly
accounts for the fact that product complexity and firm structure are interrelated
decisions.> Our data set includes not only the two simultaneous choices of vertical
integration (in-house production) and product complexity but also exogenous variables,
which should affect only one of the two choices directly. |

The standard models also focus on component-level analysis of vertical
integration in the auto industry. Our unit of analysis is the automotive system, which we
believe has greater eXplanatory power. Complexity is a property of the development tasks
that can arise as a result of the number of elements, the coupling of those elements, and
the novelty of the product. This depends both on the complexity of the individual
component, as well as the interrelation of components within the system. The sourcing
decision, then, requires careful evaluation of the tradeoffs associated with the system as a
whole, as well as the part-by-part decision. Our analysis highlights how the relationship

between product complexity and vertical integration might affect the conclusions that can

3 Our empirical approach is consistent with the theoretical view of Helper and Levine (1992) that asset
specificity is jointly endogenous with firm structure.



be drawn from earlier studies and allows for better understanding of the interaction
between these deci’sions.l‘ .

Our main resﬁlt is evidence of complementarity between product complexity and
vertical integration. .This is objectively measured and can be épplied to other complex,
manufactured products. This finding has important implications for interpreting firm
perfoﬁnance. We examine evidence of clustering within the auto industry around high-,
| performanée corhbinations.

The remainder of this paper is divided into six sections. We review the current
literature in Section 2. We then describe our methods in Section 3. Section 4 contains the
statistical evidence linking choices about vertical integration to product complexity. We
present summary data oh the auto systems analyzed in our data set. We present evidence
of complementarity between product complexity and vertical integration. In Section 5 we
examine the variety of architecture and sourcing strategies observed in the industry with
respect to system performance. The paper concludes with a discussion about the

implications of these findings for practice and for further research.

2. Related Litérature

- This research builds on literature from several fields of study. Scholars in both
economics and management science have addressed the make/buy d'ecivsion. The
importance of product architecture and complexity has been established in the systems
engineering literature. We link.these disparate strands of research to create a framework
binb which to study ‘th'e joint decisions of product cbmplexity and fm structure. We begin

with a review of the economic framework posed by transaction cost theory and the



property rights approach in order to motivate the issues confronting the firm in the
make/buy decision. We review the existing empirical literature on make/buy and
introduce product development concepts used in our alternate model of the coupling

between product complexity and vertical integration.

2.1 Economic Theories of the Firm
Concepts of Transaction Costs

In economics, firm-level and inter-firm activities are niodeled as contracts (Jensen
and Meckling, 1976). According to transaction cost theory, the determinants of make
versus buy are a) asset speciﬁéity, b) uncertaiﬁty, ¢) frequency of Vtransactions, and d)
opportunism.-The:decision to make or to buy a part also depends on the cost associated
With writing and monitoring a contract between the firm and an outside supplier - the
costs a‘ssociated with the transaction. Transaction cost theory suggests three main
reasons Why it is difficult to write contracts. First, specifying all contingencies relevant to
the agreement is costly, if not impossible. Second, negotiating the responsibbilities of all
parties under all possible contingencies is difficult. Third, when the transaction involves
a high dégree of asset specificity coupled with uncertainty and opportunism, writing and
monitoring such a contract would be prohibitively expensive (Williamson, 1979). This .
means that the parties will write incomplete contracts. That is, the contracts do not |
anticipate and cover all possible outcorhes. Thus, the parties may have to renegotiate the

agreement should an unforeseen event occur, and this can be time consuming and costly.

4 To date, the empirical testing with regard to theories of the firm in economics has been restricted to testing
of transaction costs. While our modeling framework is based on the assumptions of the property rights
approach (Grossman and Hart; 1986) we also interpret our hypothesis using the more general assumptions
of transaction cost theory in order to motivate our discussion of the existing empirical literature.



This liferature predicts integration when transaction costs are high. One kind of
transaction cost which might be particularly salient is coordination cost.

Klein, Crawford and Alchian (1978) argue that coordination problems arising
from relationship-speciﬁc investmeﬁts will be less severe if the tfansaction is
internalized. The ﬁrm is distincf from a market entity in that disputes within the ﬁrm can
bé resolved without legal actipjn ‘or outside monitoring. Therefore, the firm is able to |
resolve unforeseen problgms internally and thus is able to capture the full gains from its
investment under all possible outcomes. From this notion, Klein, Crawford and Alchian
conclude that vertical integration is the likely firm structure for transactions in which ﬁ
asset specific investmenf is important. |
Measurement of Transaction Costs

As Joskow (1988) notes, the abstract nature of transaction cost theory makes
empirical testing difficult. Testing requires concrete measures of asset specificity, as well
as a means vto test when and how specific investments become important. Compaﬁng the
relative performance of firms and markets has proven difficult. .Since 1982, a number of
papers have tackled the problem of empirical testing of transaction costs. Monteverde
and Teece (1982) analjze a data set comprised of 133 component sourcing decisions at
Ford and General Motors in 1976. They proxy asset specificity with the number of
engineering hours required to design a particular component. The dependent variable is |
the mode of the transaction: vertical integration (in-house component production) versus
market transaction (outsourced component). They argue that investing more engineering
hours ihcreases the non-app_roﬁriability of techm’cal knbwledge, leading to profits that the

firm can capture only through integration.



Masten, Meehan and Snyder (1989) separate physical asset specificity and human
capital speciﬁcity into two meaéures. Tﬁey uée the Monteverde and Teeée (1982) -
measure of engineering hours for human capital and also use a measﬁre of the extent to
which components are produced using physicél assets specific to the company. They find
that only eﬁgineéring hours have a significant effect on vertical integration, and argue
that th1s demonsﬁates th'a_tv hufnén capital is more important than physical asset speciﬂéity
in influencing me decisionrto vertically integrate. |

We believe that the use of engineering hours as a proxy for asset specificity by
Monteverde and Teece, and By Masten, Meehan and Snyder potentially confounds the
amount of work required to develop a component with fhe type of work. Many hours
could be spent to create a simpliﬁed design, which reduces coordination costs.
Alternatively, many hours could be spent on a highly complex design to'optimize_ product
| performance, resulting in designs requiring greater coordination. Therefore, engineering
hours is not a direct measure of the cost of the transaction in the market. We propose that
transaction césts are best represented as a function of product coinplexity.

In a study of strategic business units across 16 industries, Harrigan (1986)
suggests that successful firms with high product compléxity had a higher degree of
integration than firms with less product complexity. Our research, focusing on
complexity at the system level within one industry, provides the opportunity to explore |
such issues in greater detail. Masten (1984), Walker and Weber (1987) and Masten,
Meehan and Snyde;r (1991) also address the relationship between product complexity and
vertical integfation, with complexity measured at the component level. Our system-level

measures capture interactions that may be missed in component level analysis.



- The Propefty Rights Approach
'- The property rights view of the ﬁrm is a more formal model of vertical
- integration. This approach focuses on how differént ownership structures affect'
relationship-specific investment incentives of fhe contracting parties. In this view,
éxerhpliﬁed by Grossman -and Hart (1986) and Hart and Moore (1990),. physical as‘setv
| ownership confers residual rights of cqntrol over relationship-specific assets when
éo‘htracts aré incomplete. In particular, the ultiméte division of profits will depend on the
relative strengths of the parties when they ren_egotiate, not at the point of the initial
contract. This implies that non-owning parties will under invest in' project-specific
coordination skills, as they will not be able to capture the full benefits of their
investment. This generates the result that the investing party should own relationship-
specific assets.
There has not been any empirical testing of the assumptions of the property rights

approach to date.” Whinston (1997) compares the Monteverde and Teece (1982)»swdy
with the prdperty rights approach, and demonstrates that in order for vertical integration
to be more likely with greater investment in skills, the returns to investment by the
manufacturer must exceed the returns to investment by the supplier. We believe that this
assumption is reasonable for the auto industry, as the auto manufacturer can gain returns ‘
to its investment in the total vehicle by bringing in outside suppliers, but an outside

supplier cannot generate another vehicle to utilize its system investment as easily.

’ We are not empirically testing the assumptions of the property rights approach in this paper; we are testing
our hypothesis that product complexity and vertical integration are complements.



2.2 Theories of Sourcing and Design in Operations Management

The operations management literature also addresses the choice between in-house
production and outsourcing of coniponents. This tradeoff is exemplified by the decision
between purchasing standard parts and developing custom components in house.
Standard parts - if they have clean, or well understood, interfaces - can be outsourced
more easily, but .may present tradeoffs in terms of performance and c}ovst over custom
parts déve'lopment (Ulrich and Ellison, forthcdming). '

Baldwin and Clark (2000) argue that outsourcing, or selecting existing
components from suppliers may allow a company to benefit from competition among
suppliers. However, we argue that it is nét necessarily the case that outsourced
components are always modular and thereby simpler and faster to develbp than internally
developed components. A part that is very complicated due to its performancbe'
requirements may take more time to develop with a supplier than within a firm due to
coordination problems between the firms. Companies that 'empha'size rapid product
development may wish to reduce the design iteration required between systems as a
result of a more complex design by modifying the design itself, whether or not it is
outsourced. The decision to change the part design éharacteristics and the choice of
whether or not to outsource the part are separate, but we argue, tightly linked.

Clark and Fujimoto (1991) and Clark (1989) look at the choice between new and
existing components in an empirical study of product development projects in the globél
auto industry. They examine the impact of “project scope” - a measure of the uniqueness
of the paﬁ (vs. carryover parts) and the extent of development carried out by outside

suppliers, on project performance (lead time and cost). The authors found that 67% of
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Japanese projects'were “black-box,” or developed by suppliers, as compared with 16%
of US vehicles. They argue that the black-box system is effective because the link
between deéign and manufacv:.mring is strong. They argue that the high percentage of |
unique pa;fté and high supplier involvement contributés to an obser_véd Japanese
advaﬁtage in project lead-time and cost. In this paper, our focus ié on how complexity in
. product design affects production, and wé dé not address outsourcing of designf» |

The ;:oncept of system interfaces used widely in the system engineering litefature
(Suh, 1990; Alexander, 1964), provides an opportunity to enrich the measurement of
coordination costs. If an 6utsourced component can be designed with well-defined
interfaces, it may not require much coordination with suppiiers during developmént.

Fine and Wﬁitney (1996) argue that a critical capability in product development is
the ability to write competent specifications fof components and systems aﬁd to be sure
the specifications are realized. They list three distinct outsourcing motivations:
development capability, manufacturing competitiveness, and product technology. The
decision to outsource depends on whether the firms seek knowledge or capacity and
whether the product is readily decomposable from the rest of the system. In our audio
example, many companies with different information-processing capabilities but
choosing the simpler architecture (se_paratev cellular phone circuitry) are able to outsource
phones effectively. Indeed, outsourcing a modular component may be an effective short-
terrﬁ reme'dyv to.a laék of developmént capacity within the firm. However, the make/buy
decision also affects the future capabilities of the firm. (Fine, 1998) A firm that

‘repeatedly relies on an outside supplier to develop a system that is highly complex may

¢ Ulrich and Ellison (1998) argue that splitting-design and production of coupled systems should be avoided
but that both design and production of such systems could be outsourced and achieve integration.

11



not be able to méintain the skills needed to develop the system internally. Over time, the
firm may lose thé option to develop the system internally as 'thése skills atrophy. The
firm can become depéndent oﬁ the supplier and thereforc'lesé able to' share 1n the surplus
generatéd by the development of the product. In our model, we address how ownership
stfﬁctures affect the inceritive éf the partiés to invest in relationship-specific skills, but
‘we do not addréss the l'ong-te'rm implications of Such actions.

Our research builds upon the Vwork of thé above-mentioned authors. Several
fesearchers and theories on the complekity of engineering design have also focused on
| coupling and interactions [Alexander 1964, Rechtin and Maier 1997,‘ Suh 1999], but to
the best of our knowledge no statistically significant testing of the relationship between
this type of product complexity and vertical integration has been done befdre. The data |
set analyied here provides the opportunity to explore these ideas empirically in a manner
that has not been previously possible.

3. Methods

Sample

The analysis in this paper is based on a study of product architecture and sourcing
in the auto industry. Our newly developed data set covers components in eight vehicles
over five overlapping five-year time periods from 1980-1995. The companies in the
sample, three in Japan, three in Europe, and two in the United States, account for roughly .
'90% of the global luxﬁry performance market by sales volume.

We étudied luxury performance cérs, déﬁned by Consumer Reports as vehicles |
priced above $30;OOO in 1995. Our motivation for choosing thé luxury perfdrrﬁaﬁce

segment is that more expensive vehicles have a wider range of available choices of

12



product architecture. As these are flagship Véhicles, we expect that this segment allows
for the most powerful ana co'mparable test of the possiBi'iities a&ailable to firms in both’
design and sourcing. A review of the data (see Table 1) indicates that there is a wide
range in product complexity choices and‘ éou_rcing choices, as well as in system‘
performance.  We collected data focused on the same componénts in a single vehicle
. segment m the auto industry in order to rémove possible measﬁrement problems caused
by a data set thch coﬁbinés information fr(;m different vehicle types, such as that of
Clark and Fujimoto (1991), or from different component types, such as Masten, Meehan
and Snyder (1989).
The unit of analysis is the automotive system. Within each company, for each luxury
vehicle for each time period in the sample, we havg collected data on seven key systems:
engine, transmission, body, electrical, suspension; steering, and brakes. Table 1 presents
summary data on the systems, with respect to complexity, sourcing and quality.7
Data Collection

The data were collected through on-site interviews at all companies in the study.
Over 1000 people were interviewed, including CEOs, chief engineers, project managers
and system engineers involved in development of each vehicle for each time period in the
study. All participants were assured that orﬂy aggregate data would be presented, and
- confidentiality agreements were signed with each company.
Data were collected in several stages. First, afte: signing the agreement with each firm, a
letter was sent requesting interviews with relevant project managers, system engineers,

‘design engineers, purchasing managers and manufacturing engineers for each vehicle for

7 For reasons of confidentiality, company-specific product complexity, sourcing and quality means are not
presented.
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each timé period in the study. The relevant parties were identified by the corpo.rateb
liaison for eanh company, and on-site meetings were arranged.

In order to enéure data accnraéy, all interviewees were given an overview of the
research project and definition of key terms. All subjects were given a list of questions
pertaining to the desigri and sourcing of components within their respective systems. The
questions‘ focused on principally objective information (e.g. number of parts in the body
side) so as to minimize the likelihood of response bias. _The intervie\ivs ‘were conducted
on-site at each company, ranging from three days to three months. All interviewees were
given the option of being i_nterviewéd in their native languages. US and European
intei’views were conducted in English and Japanese interviews were conducted in

Japanese.®

4. Relationship BetWeen Product Complexity and Sourcing

In this section, we begin by describing the factors that directly affect the costs and
benefits of produqt complexity and vertical integration. Figure 1 illustrates the
hypothesized relationship between these two choices. The independent variables, or
outside factors affecting product complexity (CMPLX), are performance goals (PERF),
major change (MAJ), worker skills (SKLZ), technology breaks (TECH), sunk cost (SNK)
and platform requirements (PLAT). The independent variables affecting vertical
integration (VERTINT) are sunk cosi (SNK), platform requirements (PLAT), plant
capacity (CAP), vehicle volume (VOL), and union requirements (UNION). We define

these variables, and their predicted reintionship to our dependent vériables below.
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Summary statistics are presented in Table‘ 1.

The dependent variable VERTINT is the percentage of the system produced in-
house, with 1 indicéting in-house production of all components.” For each component,
system, vehicle model, and time period, we have collected. data on-the make/ buy
decision outcome. The system measure is constructed by ‘equally weighting the meaéure
of each- component within the system. Parts supplied Ato firms by wholly-owned
Subsidiaﬁeé, such as the Delphi division of General Motors, are treated as in-house. Parts
produced by paﬁially owned suppliers, such as Nippbndenso (Toyota group), were
treated as outside suppliers. Sourcing spanned. the entire range from O (outsourced) to 1
(in-house production), with a mean of .37 and a standard deviation of .36, as shown in
Table 1.

The measures of product complexify used in this paper are based on detailed
system design and manufacturing data. For each system, we estimate produ;:t complexity
on a spectrum from 0 to 1 (no complex system interactions to high »product complexity)
as an unweighted average of characteristics of design complexity.” For some systems,
measures include characteristics such» as “newness” - the degree to which a design
configuration has been used in the company and in the vehicle. For example, product
complexity in the suspension system is calculated as an unweighted average of three (0-

1) measures: newness of the design, number of moving parts in the suspension and

¥ All interviews were conducted by one of the authors (S.N.). Professor Kentaro Nobeoka, a scholar with
extensive experience in the Japanese auto industry, provided Japanese interview interpretation.

 Masten et al (1989) use this measure of sourcing at the component level. We believe system-level analysis
captures more information about sourcing behavior. This requires weighting all components equally, as any
attempt to capture value of the component requires decomposing down to the component level. We discuss

the implications of this assumption for our model measurement in Section 6.

1 For each system, measures of complexity were chosen on the basis of system engineering principles. The
complexity measures used are discussed further in the appendix.
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| ,whetﬁer the suspension fs active or passive.!" This measure is then used for all
compdnenfs in the ’system_. The dependent variable product complexity (CMPLX)
measures .the complexity of the system, with a score of 1 indicating high system
cOmplexity; AS shown in Table 1, producf complexity spanned the full ‘range from 0 (no
complex system interactiqns) to0 .99 (very ‘high product _corhplexity), with a mean of .42
~anda standard deviation of .27. | |

PERF is a ‘(0-1) measure which proxiés for desired performance' at the sy’stemv
level. Certain performance goals necessitate more complex product designs, such as more
integrated architectures (Ulrich, 1995). For example, a iresult of designing to meet high
- top-speed capability is a body system consisting 6f tightly interconnected parts."” In our
data set, performance goals were provided by vehicle product manégers,'on a 0-‘10 scale,
with 0 indicating no impdrtance for product performance goals and 10 indicating that the
, Vehicle competes based on high performance. We expect systems for which performance
goals are very high are likely to be associated with product complexity and hence, we
expect a positive relationship between PERF and CMPLX. |

MAJ is the dummy for vehicle design status, taking on a value of 1 if the vehicle
is undergoing a major change. The timing of major changes range from every four years
to every seven years (Clark and Fujimoto, 1989). The firm has an opportunity to change
product'complexity in major changes, and we expect that in performance vehicles these
changes should involve greater perforfnance, and therefore greater product complexity.
We expect a positive relationship between MAJ and CMPLX. |

SKLZ is a dummy variable reflecting the presence of a worker skills/plant

'! These measures are discussed further in the appendix.
12 This is due to the requirements for overall mass reduction in order to attain high top speeds.
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location effect. For exarﬁple, a body design featufing many complex manual wélds
cannot be manufactured in an area where Workefs are not trained in advanced weldjng..v
Vehicle pi"oduct manageré were asked.whether absence of worker skills played a role in
design considerations for eaﬁh system. A score of 1 indicates a yes answer, that skill
limitations were a factor inb s&stem design. Thus we .expect a negative relationship
bétWeen SKLZ and CMPLX.

| TECH, the dumhiy for the state of technology, takes on a value of 1 for the year
in which certain innovations, such as antilock brakes and new electronics technology in
suspension systems, ére introduced. This variable reflects technological innovations that
have enabled increased pfoduct performance deliverable via modular components and we
thus expect a negative relationship between TECH and CMPLX.

PLAT is a dummy variable for platform requirements in parts, indicating (with a

“1”") whether the component was designed to be used by more than one vehicle. The
literature on system design suggests that conétraining a componenf or system to rheet the
requirements of more than one vehicle necessarily limits the performance optimization of
that part relative to the vehicle in question (Ulrich, 1995). For example, the Ford Taurus
‘underbody greatly restricted design complexity on the Lincoln Continental underﬁody
design that was built on the same platform. For this reason, we predict that PLAT will
have a negative affect on CMPLX. Platform requirements could support in-house |
~ production through economies of scale achieved through parts sharing, For this reason,
‘we hypothesize a positive relationship between PLA’f and VERTINT."

'SNK is a dummy variable for existing sunk cost/plant investment. Managers were

13 Consistent with transaction cost theory, we assume that although suppliers may be able to enjoy the same
economies of scale, they will not pass along the full savings of platform sourcing, due to the holdup
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askéd_ whether or not existing plant equipment directlyv affected their design choices for
the system. Systems are 'oﬁen designed around investment in process e’quiprnént. in the '.
plants. This may constfain design to abmo're complex company-specific process orrtro a
simpler pvrocess. Thus, we expect SNK to have a significant effect on CMPLX-but make
no prediction on_‘the direction of the relationship.‘ Managers were also asked whether or
not eXisting plant capabilities directly affected théir sourcing decision. A systein may be
built in house due .to existing plant investment. On the other hand, sysféms are often
outsourced due to existing in-plant manufacturing Aproblems. For this reason, we also test
for the fclationship between SNK and VERTINT, but we make no predictibn on the
direction of the relatiohship.

CAP is a dummy variable indiéating limited plant production capacity or
capability. System managers were asked if the plant had insufficient capacity to
manufacture system designs in-house. If a certain system, like a one-piece body side,
exceeds the capacity of current plant eqﬁipment, it may be outsourced. For this reason we
f)redict a negative relationship between CAP and VERTINT.

VOL is the variable for vehicle volume. We calculate volume two ways, as
absolute company volume, and as the percentage of the overall firm devoted to luxury
performance cars. We believe both measures can influence sourcing decisions. BMW, for
example, is much smaller than Toyota in absolute volume, but Toyota’s luxury f
performance volume is much smaller than BMW’s. BMW may be éble to command a
larger, not smaller, ordering capacity with suppliers due to its much larger luxury
performanc¢ market. Toyota may also ‘be able to use its market dom_inance in other :

segments to source more effectively in luxury performance. For this reason we make no

problem discussed in section 2.
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prediction about the direction of the relationship between VOL and VERTINT.
The dummy variable UNION takes on a value of 1 if a cofnponent is produced in

house and is covered under a union agreement. If a system is produced in a plant with a
union ag:eément, it may be very difficult to outsourée any of the §0mponents in the
‘éystem due to the extreme cost and risks associé.ted with union renegotiation. For this
_ reasdn we expect a positive relationship between UNION and VERTINT.
' 4.1 The Statistical Model | |

| Our principal concern in this péper is to study the relationship between product
complexity and sourcing. The preéeding discussion _sdggests that some fOrrﬁ of
1ntegrat10n is Iikel}} :to. be chosen as product complexity increases. Howéver,_ we have
argued that product complexity and sourcing are cqupled. Econometrically, this suggests
a model where prodﬁct_ complexity and sourcing are simultaneously determined, so that

our model should treat these two variables as jointly endogenous.

Hausman (1983) has shown that using an ihsMental variables approach always leads to
- consistent estimation for an identified model; this approach is taken in this paper. In
order to test for the relationship between product complexity and sourcing, we estimate

the following model:

(2.1) CMPLX = Bjo + Bi] PERF + BoMAJ +B4SKLZ +B1sTECH
+B16SNK+ B17PLAT+ 7] VERTINT +e,

(2.2) VERTINT = Bpg + B3CAP + B2gSNK +Bp7VOL +BogUNION

' If one were to run only the regression (2.2), using a method such as ordinary least squares (OLS), the
resulting measure for B,, would be biased and inconsistent, due to the presence of €, in the variable
CMPLX. This is because there may be unobserved factors in sourcing which are correlated with the
complexity decision. For this reason, we use a simultaneous equation.
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+ BogPLAT +v,CMPLX +&,*

Optimal Instrumental Variables

A consistent estimétor of thé system described by (2.1) and (2.2) is optimal
instrumental variables,_ instrumentiﬁg for CMPLX in (2.2) and} VERTINT in (2.1) with
the. instruments Z. The instruments used 'for equation (2.2) are: .PERF, MAJ, SKLZ, and |
TECH. The instruments used for equation (2.1) are CAP, VOL, and U‘NION.V As this
éystem ‘is highly coupled, we expect that there will be correlation between all of the
factors affecting both decivsions.16 Ho§vever, the presence of a variable in a particular
eQuation indicates that this factor directly affects the decision to be made, rather than
affecting this decision through a second order effect (through the rest of the system). The
idea behind the instrumental variables approach is that these variables are uncorrelated
With stochastic disturbances in the dependent variable to be measured, but are correlated
with thejointly endogenous variable.
For exémple, making a major change to a system such as the engine consists of changing
the design of the engine, thus directly affecting its product complexity. It may be the case
that this change in product complexity requires a change in the sourcing of the engine
system components. This effect, however, is of second order. That is, major changes do
not directly create changes in sourcing for a system; in fact, many companies prefer to .
~ use the same supply strategy even when systet.ﬁ changes in design are made. For this
reason, we expect sourcing to be indirectly affected by major change through product

complexity, and we expeét to see that sourcing and major change are highly correlated,

15 Plus year, company and system dummies.
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but we 'do not expect that unobserved variation in sourcing will be correlated with major
change. Simiiarly, we assume that performance goals, worker skills and technc;logy
breaks affect Sourcing decisidhs through their direct effect on product complexity, and
are thus correlated with sourcing, but are uncorrelated with unexplaiﬁed variation in
' _ sourcing. We assﬁme that capacity limitatiéns, company volume, and union are vsimillarbly
uncqrrelated with unexplained variations in product complexity, but are correlated with
produc‘t‘comple'xity decisions.
Specification Tests

In order to test the effect of CM?LX on VERTINT (equation '2.72), we estimate
equation (2.1) and formally validate our model using the Hausman specification test
(Hausman and Wise, 1978) as foilows. We believe that the CMPLX decision ismade as a
result of performance goals, major ‘chang,es, worker skills, technology breaks, and
platform requirements, as well as potentially unobserved other factors, which we label
“g,.” Using instrumental variables, it is.poésible to estimate CMPLX directly as a
function of all the instruments, generéting a predicted value ¢."” We first ran a probit
~ regression of all the instruments on CMPLX to obtainb C. The results of this regression
are presented in Table 3. The difference between the observed values CMPLX and the
new values Cis our estimate of g, or the unobserved factors in CMPLX, which we label
V. We then ran an Qrdered probit regression of equation (2.2), with the addition of Vasa
variable. If in fact, We have removed the relationship of VERTINT on CMPLX, there

should be no relationship between &, and VERTINT."® That is, there should be no

16 Table 2 presents simple correlations of the variables. '
17 This is the same as running the reduced form regression CMPLX =ZII+V. See Hausman (1983).
% This is the same as running VERTINT = x5 +y1CMPLX +y2V . Hy: y2=0. See Hausman (1983).
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correlation between unobserved variables in CMPLX and the sourcing decision. Table 4
presents the résuits of the Hausman Spéciﬁcatibn Test. The relationship between vand
VERTINT is vno‘t signiﬁcantly»different from zero, at standard levels of conbﬁdence.l9 As '
there is. no relationship between our estiméted error and VERTINT, this allows us to
measure the effect of CMPLX oﬁ VERTINT using an ordered probit reg;eésion.
| In summary, our model accounts for thé econometric implications of the coupling

between the complexity and sourcing decisions. Our study design permits us to measure
the impact of product complexity on sourcing, and we have formally validated éur
| approach using a test of the simultaneity between the complexity and sourcing decisions.
Again, consistént with system engineering and transaction cost arguments, we predict
that CMPLX will have a positive affect ori VERTINT (y,>0). No predictions are mader
concerning company-specific effects.

4.2 The Effects of Product Complexity on Sourcing

“Table 5 presents the results of an ordered probit regression of equation (2.2). We

tested for the effect of years on soqrcing, and found that year dummies are not
signiﬁcaht, and thus dropped year dummies from our estimation.® Company dummies
were included, but are ﬁot reported for reasons of confidentiality. One company ’had a
significant, and negative, effect on sourcing; the rest of the companies did not have a
significant relationship with sourcing. System, volume and capacity dummies did not
play a significant role in the sourcing decision.

CMPLX, our measure of product compléxity, has a positive and significant effect

19 This result assumes errors are normally distributed. However, with a Z statistic of -0.845, less than one, a
regression with log values is unlikely to reverse the result of rejection of the null hypothesis.

20 In this test, we test the null that all year dummy coefficients are equal to zero. At F=. 76, P > F = .60, so
we are unable to reject the null, and thus are able to drop dummy variables.
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on the percentage of the component produced in house, at a 99% confidence level. This
means that an increase in product complexity is correlated with an increase in in-house
production. This is consistent with our prediction that iﬁvestnient in skills to coordinate
complex designs is supported by ownership of .the key assets used in production.

- As predicted, UNION, which measures the éxtent to Which union requirements
influence the decision to vertically integrafe, has a posvitive and significant impact on in-
house productibn, at a 95% éonﬁdence level. This is consistent with our interview data
on the ‘US auto industry, where unién agreements cover all COmponentS currenﬂy
manufactured within a US plant. In order to outsource a component, it is necessary to
renegotiate the union agreement, a prospect that is costly at best, and at worst, can result
in a debilitating strike. As a result, US firms face a far greater penalty in attempting to
outsource existing components, and are thus more likely to build even simpler systems in
house.

Platform requirements (PLAT) also affegted sourcing positively at a 95%
confidence level. This indicates that constraining componenfs to serve a platform of
vehicles increased thg: likelihood of in-house production. This result, consistent with
transaction cost theory, suggests that the benefits to increased order volume made
possible by producing a common component for several vehicles are better obtained
- through in-house production. This is because the firm would face additional monitoring |
costs by outsourcing, allowing suppliers to build similar economies of scale. It may also
be the case that the platform requiremént requires more modular designs, which affect
2 soﬁrcing indireétly by reducing the coordination costs associatéd with outsourcing.

Sunk cost (SNK) had a negative and significant effect on sourcing, supporting the
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argument that systems may be outsourced due to existing in-plant variation.
In summary, the predictions of our model - that CMPLX, UNION and PLAT
increase the erlihood of vertical intégra’tion and that SNK decreases the likelihood of

vertical integration - are supported by our regression results.

5. "I'mpact on Product Qu'ality Performance

Our hjrpothesis,' that product complexity ‘and vertical | integfation are.
jcomplementary, suggests a model of firm performance as a function of the interaction of
these two organizational design choic;es. Our prediction is that both complex systems
- produced in—ﬁouse and simple systems outsourced will be posifively correlated with
» Quality performance.?' Obviously, performance is affected by a variety of other factors in
addition to complexity and sourcing decisions. With this in mind, we present system
oiaservations that informally support our hypothesis.

-Quality, as evaluated at the system level using Consumer Reports reliability data,
ranged from 5, a score indicating fewer than 2% of problems reported, to a score of 1,
indicating greater than 14.8% reported problems. As shown in Table 1, all five possible
scores were reported for all of the systems in the study. Across all the systems, mean
quality performance also fit our predictions. We define CMPLX above .5 as complex
(below .5 as simple) and sourcing (VERTINT) above ..5 in-house as in-house (below .5 as
outsourced). Simple-outsourced systerﬁs had the highest mean quality of 3.7 out of 5.
Complex-in-house haa the next highest mean, at 32 Complex—butsourced had a mean

quality of 3.1. Simple-in-house had a mean quality of 2.5.

2 Athey and Stern (1998) point out that there may be unobserved factors in the organizational choice
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In the suspension system, the top performer in the category, with a reliability
score of 5, featured a simple-outsourced design, which supports our viev? that simpler
products can be more effectively outsourced. The worst performer in the category, with a
- score of 1, featured a complex-outsourced design, consistent with the idea that complex
designs cannot be easily decomposed and outsourced. In the body systerh, ‘the best
performers, with scores of '5’ were compléx—in-hduse and simple¥outsourced.v The Wbrst
perforfners; with scorés of 1, were simple-in-house and complex—outsourcéd. Again, this
is consistent with oﬁr hypothesized relationship between complexity and sourcing. The
top performers in the transmission system, with scores of 4, were simple-outsourced and
complex-outsourced. The worst performers, with Scores of 2, Wére simple-in-house. The
performance of the simple-outsourced and simple-in-house vehicles is consistent with
our predictions.

The performance of the vehicle featuring the complex transmission design with
outsourced production of transmissions raises a‘measurement issue we encountered with
our data set. The system in question was highly complex, and the company in question
produced the most integral components of the system in house, outsourcing only the
simplest components. On a content basis, their in-house production was not low, and
their performance can be seen as consistent with our hypothesis that complex-in house
ought to perform highly. However, any attempt to correct for content requires |
décomposing down to the component level. We recognize that this may understate the
sourcing percentage at some of the firms in our study. As this bias reduces the Iikelihood
that we will observe the prediéfed felationship between arcbitecfure and soufcing, we

believe such corrections would strengthen our results.

equations that affect the performance results. With this in mind, we do not present a formal regression.
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All the' companies manufacture the five major engine system components
(cyliﬁder head, engine block, cfankshaﬁ, camshaft, and intake manifold). The variation
in soﬁrcing centered around more potentially decomposable components.' Thd top
performers _'were complex—oufsourced, again, due to the equal weighting of component
sourcing. The worst p,erformef was simple-in-house. In the brake ‘system, all but one of
the companies in the study‘outsource brakes as a éomplete system. The lagk of variance
in sourcing limits our ability to interpret quality with respect to our hypothesiéed
relationship between architecture and sourcing. The top performers were both complex-
outsourced and simple-outsourced. The worst performér was simple-in-house. In the
electrical system, the worst performer was simple-in-house and the top performer was
simple-outsourced.

The steering system results also reflect another measurement issue we
encountered in our data set. The best performer, with a score of 5, was complex-
outsourced. The worst performers were simple-in-house and complex-in-house. Past
empirical studies of the auto industry have treated the relationship betweén Japanese
manufacturers and their partially ownéd‘ keiretsu suppliers as comparable to relationships
between U.S. and European automakers and their suppliers. That is, studies like Clark
and Fujimoto (1991) have treated parts developed by keiretsu suppliers as outsourced by .
the parent firms. * However, in the complex-outsourced steering system, as well as in ’
many of the systems in the study, all Japanese companies who outsourced individual
.parts concentrated the more complex of those parts in keirétsu suppliers, and outsourced

simpler parts to financially separafe suppliers. In contrast, most US and European

2 Clark and Fujimoto (1991) also treat fully owned subsidiaries such as Delphi as suppliers, where most
empirical studies (Monteverde and Teece (1982); Masten, Meehan and Snyder (1989) etc.) treat wholly
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companies typically outsource more 'cémplex parts such as entire door systems or dash
assemblies to financially separate suppliers. |

The work of many researchers such as Asanuma (1989), Helper (1995), Dyér
(1996) and Fujimoto (1989) indicates that the keiretsu relationShip permits richer
information exchange between J apanese manufacturérs and their partially owned keiretsu
sﬁppliefs than between ﬁnancially separate firms. If greater information sharing were
possible between kez’?et&u firms, then the coordiﬁétion problem encountered by'the firm
_fn components development vwould be lower with keiretsu (versus non-keiretsu)
>suppliers. By componeﬁt-based coordination cost, 'then, keiretsu sourcing may be closer
to in-house production, and the complex-outsourced vehicle in question is closer to the
complex-in-house sourcing we hypothesize should be associated with greater quality. We
have treated keiretsu firms as out of house with respect to the parent firms in order to be
consistent with our system-level analysis, as well as with existing empirical
methodologies. This assumption, however, also potentially understates the sourcing
measure for Japanese firms in the study.

Our eyidence regarding quality suggests that there is not an optimal way to
“configure the firm or the product, but rather that multiple optima exist. This suggests that
companies should not necessarily seek to emulate the “Toyota way” of outsourcing or
BMW-style product development. Rather, our research suggests that a company that ‘
‘optimizes over both the requirements of its product and the capability of its supply chain

-will outperform one which focuses only on firm structure or product characteristics.

owned subsidiaries as in-house.
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6. Discussion and Conclusibn

| In summary, our model provides evidence of complementarity between product
complexity and verticalriﬁtegration, as well as evidence of clustering within the auto
industry around. high performance- combinations of the two choice variables.’h These
r’esults’ strongly support the strategic importance of the product dec_ision in the make/buy
process. Given our obsérvation_that there are benefits to concentrating production of
compléx systems in-house and to outsourcing simplef systefns, efficiency arguments
éuggest that profit-maximizing firms should only operate according to these approaches.
This raises the question of why we ever observe firms behaving otherwise. We believe
that this is a result of the chronological and organizational separation of these decisions
in auto companies. Product design engineers typically detennine product architecture and
complexity. Purchasing agents typically make sourcing decisions. While these groups
certainly interact, they do not make these decisions jointly. Our results suggest that
greater coordination of these functions within the product development process could
improve firm performance. Our findings also raise theoretical and empirical issues that
we believe warrant further examination. We detail two issues of primary concern below.

- A major simplifying assumption of this paper is that sourcing can be treated as a
binary decision - either to make or to buy a part. This is done in order to be consistent
with the simplest economic theory of vertical integration. However, actual sourcing
relationships are more complek than sirriply make or buy. We observed other types ‘of
contrécting arrangements such as keiretsu relationshipé, joint ownership agreements,
equipment loans and arms-length subsidiaries as well as make/buy practices. These |

practices can create very different information structures, with potential differences in the
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coordination costs faced by the firm in a contracting relationship. We believe that
expanding the measures of sourcing practices is an important direction for future work on
make/buy.? In addition to the need to enrich the concept of the make/buy decision, our
results also raise issues with regard to the infofmation structure of ﬁrms

| We find that the quality benefits to designing simpler systems for outsourcing as
‘well as the quality penalties for attempting to outsource compléx _systéms outweighed the
qﬁality benefits of in-house productioh of simple systems as well as in-house pfoduction
of c-ompiex‘ systems. This suggests that a complex design is still difficult to execute in-
house, and that developing a simple part in-house does not-rnec’essarily improve its
quality over outsourcing such a part.

In hisA 1988 review of empirical work ivn‘transaction cost theory, Paul Joskow
raises the question: Why should information sharing among employees within a firm be
better than information sharing among interested parties in a transaction? While our
findings do }not directly speak to this questién, we believe that we have identified an
- appropriate framework, that of complementarity between product complexity and

sourcing, thiough which to further explore this issue.

3 Ulrich and Ellison (1998) propose some alternative sourcing measures in an empirical study of bicycle
sourcing.
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_Mean Std Dev _Mean Std Dev Quality
System CMPLX CMPLX VERTINT VERTINT Range*
Suspension  0.35 . 0.26 0.50 0.30 1to 5 (all) ‘
Brakes 0.46 0.28 0.21 0.38 1to 5 (all)
ITransmission 0.42 0.17 0.42 041 1to4
Engine 0.47 0.25 0.48 0.25 1’to 5 (all)
[Steering 0.55 0.23 0.43 0.40 1to 5 (all)
Body - 0.46 0.19 0.26 0.27 1t05 (all)
Electrical 0.21 0.21 0.33 0.40

1to 5 (all)

["CMPLX=product complexity, defined from 0 (low) to 1 (high)

Isystem complexity.

{See Appendix A for system-specific measures.

['VERTINT=vertical integration, defined as the % of the system

lcomponents produced in-house.

A score of 1 indicates in house production of ait

isystem components.

[*Quality is defined according to Consumer Reports Reliability Rewews, which are
rated per vehicle system.

A score of 5 = fewer than 2% problems per system (p.p.s.), the top C.R. score. 4 =
2% to 5% p.p.s.; 3=5% t09.3% p.p.s.;

2 =9.3% to 14.8% p.p.s. ; 1 = more than 14.8% p.p.s.

Table 1. Summary Data on Autorhotive' Systems

Performance Goals (PERF)

Major Change (MAJ)

Technology Breaks (TECH)

I
l
l Worker Skills (SKLZ)
I
I ‘Sunk Cost (SNK)

I Plalform Requirements (PLAT)

i l Capacity (CAP)

‘ I Volume (VOL)

| Union Requirements (UNION)

Product
Complexity
{CMPLX)

Vertical
Integration
(VERTINT)

Figure 1. Hypothesized Relationships

system _ lcmpix _[perf maj_  kca kiz __ftech Isnk ivol Lnion lat__Ivertint
gystem 1 Table 3. Regression Results for Product
icmplx -0.07 1 Complexity
Vo
orf 008 o025 1 W”wd’t aitie  Codficert St Ervor = Pk
[maj 0.01 o.zg‘ 0.15 1 [rceperdent Varizkles
PERF 046 066 069 049
cap 0.27] -0.11 -0.17] 0.04| 1 M 114 043 268 0.007]
Iskiz 051 -0.06f -0.15 0.02 0.59 1 smuz fg g; ,,,';‘z gg
ftech 0.14) 009 o009 o0.16 015 0.18 1 K 113 061 184 007}
PLAT 081 03  *21 004
019 002 015 013 03 047 014 1 Irstrurertal Variables
o'y g
vol 001 024 -0.14 -0.24f 0.5 0.4 -0.09 009 ~ 1 VL _‘g &2 4;; %
union 001 032 -0.24 -o.4j 0.2 002 0.1 022 0.77 1 INCN 053 067 08 042}
plat 035 0.1 -0.08 0.1 o o1 019 009 o o047 1 *=sigrificart at the .01 level; **=sigrificart at the (06 level
N usted R2=
Vertint -0.174 0.1 -0.1 ~o.25| 02 026 0211 o 074 055 0.08 1 134.01?2&95 0
Table 2: Correlations
Dependent Variable Coefficient  Std. Error z  p>lz] Dependent Variable Coefficient Std. Error z p>lz]
: dVER};lNkTV b VERTINT
ndependaent variaoies e
cwrLx w0 27w tndependencvarissies
VoL 4 35 1127 026 SNK 14 0.56 *-2.439 0.02
UNION 49 23 209 0.04 vOL 4 3.5 -1.127 0.26
PLAT 0.64 03 1 0.04 UNION 5.1 2.4 *2.095 0.04
Error Term ! PLAT 0.62 0.3 *2.018 0.04
VHAT 0.73 0.87 -0.85 04 System Dummy Variables )
System Dummy Variables SUSP 0.275 0.54 0.507 0.61
SUSP 032 046 07 05 BRKS -0.01 0.57 -0.017 0.99 -
BRKS 002 05 0.05 096 TRANS -1.42 0.74 **-1.922 0.05
TRANS 0.92 047 1922 0.05 ,ENGINE -0.14 061 -0.229 0.82
g&%‘g’ﬂ '4';%55 g-g g-g gAZ STEER -0.13 0.62-0.204 0.84
. . . BODY -0.l 53 -0. .
ELECTRICAL o1 053 022 0.82] 0.08 053 -0.149 088
. g *=significant at the .01 level, **=significant at the .05 level
*=gignificant at the .01 level, **=significant at the .05 level
N= 134, Pseudo RA2=37 ) N=134, Adjusted R*2=39
Chi*2=113.28
Table 4. Hausman Specification Test . .
. Table 5. Regression Results for Sourcing
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Appéixdix A. Product Complexity Measures

This appendix provides a brief overview of the methods used to evaluate product
complexity, defined as all interactions affecting the difficulty of coordinating changes during
- the product development process. We first compiled a list of system engineering principles

for product development using an extensive literature survey. Chief engineers for each

system at each company were also asked to list “key characteristics” most representative of
product complexity, and the lists were reviewed and combined. From this list, we

determined a set of questions to measure the system characteristics. Experts from all of the
 participating companies were asked to review the list of questions, and to add or question any
~ item. These reviews helped to limit the potential for bias in the questions by involving a large -
number of experts. In some cases, as with the body, brakes and steering systems, differences
in product architecture, such as parts in the body side, mechanical vs. electrical ABS and
airbag integration, were seen to directly contribute to differences in coordination. In other
systems, such as transmission, factors related to electronic interaction and coupling, such as
traction control were more significant for coordination of development. The remaining
factors reflect the list that was agreed upon by the entire sample.

~ For each system, responses were translated into the 0-1 measure by equally weighting

the answers (in most cases replies were ranked from 0 - 5). For example, in the suspension
system, key characteristics were newness, defined as the extent to which the suspension had
been used in the company; the number of moving parts in the suspension and degree of active
suspension. For newness, respondents were asked whether the suspension configuration had
been used before in the study vehicle type, in other vehicle types, and if the front and rear
suspension configuration had been used separately in any vehicles. Responses were scored 0
for no experience, 1 for front and rear used but not together, 2 for front and rear used in
different vehicle type, 3 for front and rear suspension new. This measure was then scaled to
0, 1/3, 2/3, 1 in our data set. For moving parts, the configuration with the fewest number of
moving parts, the McPherson strut system, was scored 0, the SLA system was scored 1, air
McPherson was scored 2, double wishbone and delta link systems were scored 3, and
rescaled similarly. The active/passive measure was scored 0 for a passive suspension, 1 for
partially active and 2 for a fully active and scaled as described above. The three measures
were combined to yield a score from 0 to 1.

For the body system, key characteristics were the number of parts for the body side
outer and inner, the number of sheet metal thicknesses used, the type of joints used, and the
number of hits for the most complex part. For the brake system, key characteristics were the
number of channels, number of solenoids, whether the system included a traction controller,
and whether the ABS system was electrical or mechanical. Key characteristics for the
transmission system were rear wheel vs. front wheel drive, gearsets, traction control, and
automatic vs. manual. For the engine system, key characteristics were electronic control, -
traction control, transverse axis and cam configuration. For the steering system, key
characteristics were adjustability, knuckle attachment, and airbag integration. For the
electrical system, number of multiplexes, the wiring configuration and system integration
(controls) were the key characteristics. 2

% Interested readers may contact the authors for more on the questions asked and the measuring scale used
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