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TOWARD A GENERAL MODULAR SYSTEMS 
THEORY AND ITS APPLICATION TO 
INTERFIRM PRODUCT MODULARITY 

MELISSA A. SCHILLING 
Boston University 

Many systems migrate toward increasing or decreasing modularity, yet no explicit 
causal models exist to explain this process. In this article I build a general theory of 
modular systems, drawing on systems research from many disciplines, and then use 
this general theory to derive a model of interfirm product modularity, including 
testable research propositions. The product model provides a valuable tool for pre- 
dicting technological trajectories, and it demonstrates how the general theory can be 
applied to specific systems. 

Modularity is a general systems concept: it is 
a continuum describing the degree to which a 
system's components can be separated and re- 
combined, and it refers both to the tightness of 
coupling between components and the degree to 
which the "rules" of the system architecture en- 
able (or prohibit) the mixing and matching of 
components. Since all systems are characterized 
by some degree of coupling (whether loose or 
tight) between components, and very few sys- 
tems have components that are completely in- 
separable and cannot be recombined, almost all 
systems are, to some degree, modular. 

Many systems migrate toward increasing 
modularity. Systems that were originally tightly 
integrated may be disaggregated into loosely 
coupled components that may be mixed and 
matched, allowing much greater flexibility in 
end configurations. For instance, personal com- 
puters originally were introduced as all-in-one 
packages (such as Intel's MCS-4, the Kenback-1, 
the Apple II, or the Commodore PET) but rapidly 
evolved into modular systems enabling the mix- 
ing and matching of components from different 
vendors. Publishers also have embraced modu- 
larity by utilizing recent information technology 
advances to enable instructors to assemble their 
own textbooks from book chapters, articles, 

cases, or their own materials. Even large home- 
appliance manufacturers now offer their prod- 
ucts in modular configurations-for example, 
some stoves now offer customers the ability to 
remove the burners and plug in other cooking 
devices, such as barbecue grills and pancake 
griddles. 

Increasing modularity is not, however, limited 
to products: scholars have noted increasing 
modularity in many different kinds of systems. 
For example, in recent research scholars have 
examined the disaggregation of many large, in- 
tegrated, hierarchical organizations into loosely 
coupled production arrangements, such as con- 
tract manufacturing, alternative work arrange- 
ments, and strategic alliances (Ashkenas, 
Ulrich, Jick, & Kerr, 1995; Schilling & Steensma, 
1999; Snow, Miles, & Coleman, 1992). Authors 
have even noted trends toward increasing mod- 
ularity (particularly in the United States) in ed- 
ucational curricula, architecture, literature, and 
music (Blair, 1988). 

Modularity exponentially increases the num- 
ber of possible configurations achievable from a 
given set of inputs, greatly increasing the flexi- 
bility of a system. However, research also indi- 
cates that not all systems migrate toward in- 
creasing modularity; some appear to follow a 
path toward increasing integration. In product 
systems, for example, sets of components that 
once were easily mixed and matched may some- 
times be bundled into a single integrated pack- 
age that does not allow (or that discourages) 
substitution of other components. Many com- 
monly used software applications are now bun- 
dled into "software suites" that promote seam- 
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less integration. Although they do not prohibit 
using other vendor components, they discourage 
it by offering dramatically improved perfor- 
mance through the combination of the particular 
set of applications. Even bicycle componentry- 
once typically sold as individual components, 
such as brakes, gear sets, cranks, and derail- 
leurs-now is sold predominantly in integrated 
component bundles that may not be mixed and 
matched. 

In organizational systems, researchers have 
noted that whereas in many industries firms 
appear to be disaggregating, other industries 
(e.g., banking and health care) are characterized 
by increasing consolidation and integration. 
Presumably, if we were to undertake a detailed 
study of how the concepts of modularity and 
integration are used in the many disciplines 
that study systems, we would find many other 
examples of systems that had migrated toward 
or away from increasing modularity. 

So what drives some systems toward increas- 
ing modularity and others toward increasing in- 
tegration? Although the concept of modularity 
has been used by researchers in the fields of 
mathematics (Qi, 1988), knowledge structures 
and language development (Anderson, 1987; 
Baddeley, 1986; Crain & Thornton, 1998; Fodor, 
1983, 1998; van der Lely, 1997), biological anat- 
omy (Hall & Hughes, 1996; Wagner, 1995, 1996), 
and social systems (Cole, 1999), in none of their 
literature have these scholars revealed an ex- 
plicit causal model of the adoption of increas- 
ingly modular forms. Researchers also have 
begun to look at the disaggregation of organi- 
zational systems (Achrol, 1997; Snow et al., 1992), 
but they have attributed the process largely to 
the increasing rate of technological change and 
globalization, developing a causal explanation 
little further. 

The product modularity research is more ex- 
tensive; researchers have looked at some of the 
advantages of the adoption of modular product 
designs, including its impact on the production 
configuration options available to firms and 
product configuration options available to cus- 
tomers (e.g., Baldwin & Clark, 1997; Garud & 
Kumaraswamy, 1995; Langlois, 1992; Sanchez, 
1995; Sanchez & Mahoney, 1996). Researchers 
also have looked at the pricing effects and mar- 
ket segmentation opportunities of unbundling 
integrated product systems (e.g., Bryan & Clark, 
1973; Grimes, 1994; Jacobides, 1997; Wilson, 

Weiss, & John, 1990), and they have considered 
how modularity might enable firms to reap 
some of the network externality advantages of a 
standards-based architecture while still produc- 
ing unique, proprietary components (Garud & 
Kumaraswamy, 1995; Schilling, 1999). The study 
of modular product systems is still fairly new, 
however, and, to date, there are no explicit 
causal models that tie all of these constructs 
together to explain the adoption of increasingly 
modular product designs. 

My purpose in this article is to develop an 
overarching causal model of the migration of 
systems toward or away from increasingly mod- 
ular forms-a model that allows us to integrate 
existing constructs and to provide direction for 
future research. I first draw on the work of prom- 
inent systems theorists, such as Herbert Simon 
(whose work emphasizes economic systems) 
and Christopher Alexander (whose seminal 
work on architectural form lends powerful in- 
sight into systems in general), as well as the 
work of John Holland and Stuart Kauffman (who 
have done very significant work on complex 
adaptive systems). Once a common language 
and perspective on systems is established, I 
then use this framework to develop a general 
theory of modularity. I do not claim, by any 
means, to provide a general modular systems 
theory in its final state. This research does, how- 
ever, provide a very important first step in this 
direction, and, as a more refined theory of mod- 
ular systems evolves, it should prove to be a 
very powerful instrument for understanding the 
integration and disaggregation of many kinds of 
systems, including organizational, technologi- 
cal, social, and biological systems. 

I then apply this general systems model to the 
more specific case of product modularity, inte- 
grating the existing constructs associated with 
product modularity (such as system integration 
and flexibility), while providing direction to 
other factors that might influence migration. In- 
tegrating these constructs within a more ab- 
stract model also provides insight into how the 
features of a system and its context interrelate 
and coevolve. 

The interfirm product modularity model is 
valuable in its own right as a tool for scholars 
and managers of technological systems; how- 
ever, it also provides valuable insight into how 
the general model might be applied to specific 
kinds of systems. In building the product modu- 
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larity model, I draw from the burgeoning re- 
search on product and organizational modular- 
ity (e.g., Baldwin & Clark, 1997, 2000; Garud & 
Kumaraswamy, 1995; Langlois, 1992; Langlois & 
Robertson, 1992; Sanchez, 1995; Sanchez & Ma- 
honey, 1996) and from the research on product 
bundling from the fields of consumer behavior 
and economics (e.g., Cready, 1991; Eppen, Han- 
son, & Martin, 1991; Grimes, 1994; Guiltinan, 
1987; Hanson & Martin, 1990; Holt & Sherman, 
1986; Lawless, 1991; Wilson et al., 1990).1 

In the final section of the article, I discuss 
some of the implications of this work for practic- 
ing managers and future research. This section 
also highlights some of operational challenges 
for the empirical researcher. 

MODULAR SYSTEMS 

It is possible for us to view almost all enti- 
ties-social, biological, technological, or other- 
wise-as hierarchically nested systems, mean- 
ing that at any unit of analysis, the entity is a 
system of components and each of those compo- 
nents is, in turn, a system of finer components, 
until we reach some point at which the compo- 
nents are "elementary particles" or until science 
constrains our decomposition (Simon, 1962). Si- 
mon gives the very familiar example of a bio- 
logical organism, "which is composed of organs, 
which are composed of cells, which contain or- 
ganelles, which are composed of molecules, and 
so on" (Simon, 1995: 26). System hierarchies can 
also overlap, enabling components to serve mul- 
tiple systems-for instance, an individual may 
simultaneously be a component of a family sys- 
tem, an organizational system (where the indi- 
vidual works), and several other community sys- 
tems (e.g., the individual's church). 

Furthermore, we can distinguish between a 
system and the context within which it exists; if 
the system is a solution to a problem, the context 
is what defines the problem and might include 
its physical environment, inputs that eventually 

become a part of the system, or even a point in 
time-anything that places demands upon the 
system (Alexander, 1964: 15). The identity of any 
unit as system or context is not fixed; this iden- 
tity is determined by the level of analysis we 
choose. For example, an organization is a sys- 
tem within a context of an industry, but that 
industry is a system within the context of an 
economy. If we move in the other direction, we 
see that the organization is the context within 
which a particular production system (and many 
other systems) may operate, and so forth. 

Fitness and Adaptation 

The fitness of the system is the degree to 
which the system and its context are "mutually 
acceptable" (Alexander, 1964: 19). The assump- 
tion here is that many complex systems adapt or 
evolve, shifting in response to changes in their 
context, or to changes in their underlying com- 
ponents in the pursuit of better fitness (Holland, 
1994, 1995, 1999). A system may adapt purpose- 
fully, as when organizations alter themselves to 
better seek "value" (fitness in economic systems; 
Baldwin & Clark, 2000; Van de Ven, Poole, & 
Scott, 1995), and populations of systems can shift 
even when systems do not individually change, 
because the environment selects for particular 
attributes, thus causing the nature of systems 
characterizing a context to evolve.2 Much more 
in-depth, systematic discussions of evolution 
versus adaptation exist elsewhere and, thus, are 
not undertaken here. The important point is that 
the context creates forces (sometimes conflicting 
ones) that draw a system toward a particular 
state. 

A second important point is that a system of- 
ten will not achieve an "optimal" fit with its 
context. First, inertia prevents a system from 
being perfectly responsive to shifts in its con- 
text: biological organisms might be incapable of 
purposeful change, and evolution through vari- 
ation, selection, and retention requires many 
generations to achieve; organizations and other 
social systems tend to resist change even when 
the environment provides strong pressure; and 1 Despite the fact that the product bundling research does 

not deal explicitly with modularity, this research proves very 
informative about modular product systems. First, it lends 
insight into when customers will seek to buy a predeter- 
mined bundle of products, versus assembling their own het- 
erogeneous bundle configurations. Second, it addresses the 
issue of whether (and when) firms will prefer to offer bun- 
dled packages versus components. 

2 In technological systems, we can think of the nature of 
systems characterizing a context as the "dominant design." 
A dominant design is a system architecture that establishes 
dominance in a class of products (Abernathy, 1978; Anderson 
& Tushman, 1990; Sahal, 1981). 
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before we can change technological systems, 
we often first must fumble around in search of 
better solutions. Thus, when the context shifts 
quickly, the system may demonstrate maladap- 
tive features (Gell-Mann, 1995). Second, some 
systems might be incapable of attaining an op- 
timal fit with their context, even given unlimited 
time: science may never render an ideal techno- 
logical solution for a particular problem, and 
biological and social systems, particularly 
when they are complex, may entail a multitude 
of "conflicting compromises" that prevent the 
system from attaining an optimal configuration 
(Kauffman, 1993, 1995). Thus, although systems 
respond to fit their context, they may do so 
slowly and clumsily. 

Finally, it is also important to recognize that 
as a system shifts in response to its context, it 
might also change its context in significant 
ways. For example, a new system state might 
create new potential inputs as a by-product of 
its adaptation, or it might alter the nature of 
demands upon the system by creating new com- 
petitive dynamics among systems: the system 
and its context coevolve (Gell-Mann, 1995). Such 
change in context may be the unintentional re- 
sult of the system's response to its context or the 
deliberate result of purposeful behavior. Al- 
though in the article I often utilize a determin- 
istic perspective, whereby the system responds 
to its environment (rather than acting volunta- 
ristically upon it), because such a perspective is 
parsimonious and may be more accurate for 
many kinds of systems, this perspective is not a 
necessary assumption of the models. In the 
product modularity section of the article, I give 
several instances of how the system (or its pro- 
ducers) might intentionally change the context. 

Coupling and Recombination 

I now turn specifically to modularity. As men- 
tioned before, modularity is a general systems 
concept that has been applied to many kinds of 
systems, including technological, social, and bi- 
ological (Baldwin & Clark, 1997, 2000; Garud & 
Kumaraswamy, 1995; Langlois, 1992; Robertson 
& Langlois, 1995; Sanchez 1995; Worren, 1997). At 
its most abstract level, it refers simply to the 
degree to which a system's components can be 
separated and recombined. Also, as mentioned 
previously, since all systems are characterized 
by some degree of coupling between their com- 

ponents and since very few systems have com- 
ponents that are completely inseparable and 
nonrecombinable, almost all systems are, to 
some degree, modular. 

The primary action of increasing modularity 
is to enable heterogeneous inputs to be recom- 
bined into a variety of heterogeneous configura- 
tions. Therefore, whether a system will respond 
to a shift in its context by becoming more mod- 
ular is a function both of the degree to which the 
components of the system are separable ("What 
will be lost by separating the components?") 
and the pressure to be able to produce multiple 
configurations from diverse potential inputs 
("Will the ability to produce multiple configura- 
tions increase the system's fitness?"). I address 
both of these questions in turn in order to de- 
velop a causal model of modularity at the gen- 
eral systems level. 

Separability. As mentioned before, the compo- 
nents of almost all systems are ultimately sep- 
arable, although much may be lost in their sep- 
aration. We can disassemble products, split 
apart social institutions, and even cut apart bi- 
ological organisms. The more interesting ques- 
tion is whether the systems can be put back 
together again and then continue to function as 
before; still more interesting is whether we must 
put them back together in their original config- 
uration. Some systems cease to function com- 
pletely if they are decomposed. For example, 
many biological organisms will die if any of 
their components become separated from the 
whole. Other systems-for example, many prod- 
uct systems-will continue to function once a 
certain minimum configuration of components 
is recombined (although not necessarily in a 
way identical to how they functioned prior to 
disaggregation). 

Systems are said to have a high degree of 
modularity when their components can be dis- 
aggregated and recombined into new configu- 
rations-possibly substituting various new com- 
ponents into the configuration-with little loss 
of functionality (Langlois, 1992; Sanchez, 1995). 
The components of such systems are relatively 
independent of one another; if they are compat- 
ible with the overall system architecture, they 
may be recombined easily with one another. 

However, even in systems in which recombi- 
nation is possible, there might be some combi- 
nations of particular components that work bet- 
ter together than others. Through optimization of 
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the components working in a particular config- 
uration, these combinations achieve a function- 
ality unobtainable through combination of more 
independent components. The degree to which a 
system achieves greater functionality by its 
components being specific to one another can 
be termed its synergistic specificity; the combi- 
nation of components achieves synergy through 
the specificity of individual components to a 
particular configuration. Systems with a high 
degree of synergistic specificity might be able to 
accomplish things that more modular systems 
cannot; they do so, however, by forfeiting a de- 
gree of recombinability. 

Examples of this can be found in a wide range 
of systems. Some product systems achieve their 
functionality only through optimizing each of 
the components to work with each other. Each 
component becomes specific to the system; mak- 
ing these components nonspecific will entail 
loss of performance (Simon, 1962). Some organi- 
zational processes, such as the development of a 
new product by a team (the system), are greatly 
enhanced by collocating the team members 
(components of the system) and dedicating them 
full time to the project. The team members will 
develop skills and knowledge that are idiosyn- 
cratic to the particular project, making them less 
recombinable in other teams. However, they are 
able to achieve a greater understanding and 
commitment to the project by becoming specific 
to the project, and they may consequently 
achieve a superior outcome. 

Such synergistic specificity is at the core of 
many complex systems. The components of the 
system may require such extensive interac- 
tion-and that interaction may be so directly 
influenced by the design or nature of each com- 
ponent-that any change in a component re- 
quires extensive compensating changes in other 
components of the system, or else functionality 
is lost (Sanchez & Mahoney, 1996). High levels of 

synergistic specificity act as a strong force 
against the system's shifting to a more modular 
design. 

Other systems, in contrast, achieve little syn- 
ergistic specificity; their components are rela- 
tively independent and can be recombined in a 
variety of configurations, with little or no loss of 
functionality. For example, a stereo system 
might be composed of a variety of components 
that can be mixed and matched easily, with 
little or no loss of functional performance (for a 
detailed account of the modularization of stereo 
systems, see Langlois & Robertson, 1992). Simi- 
larly, temporary employees with very well- 
defined skills also can be redeployed fairly eas- 
ily within a variety of organizations, with little 
loss of performance-if we leave the employee's 
social experience out of the picture! 

Furthermore, the degree to which a system is 
characterized by synergistic specificity might 
change over time. For example, advances in sci- 
ence might enable components that achieve 
greater synergistic specificity or that are more 
independent. To illustrate, through the develop- 
ment of standards to govern interaction and ex- 
change, the components of many technological 
and social systems are now more easily recom- 
binable. Input-output specifications between 
computer components enable vendors to pro- 
duce a seemingly endless array of components 
that will easily connect and function well to- 
gether. Even the human body has become more 
modular; as our understanding of the rules re- 
garding the systemic exchange within the body 
has increased, so too has our ability to replace 
defective organs (biological components) with 
those removed from another person or with 
those created synthetically. This last example 
illustrates vividly that modularity can be seen 
as a general property of systems and that scien- 
tific advancement might enable modularity 
where it was once unthinkable. 

The degree, therefore, to which a system is 
separable is a continuum. Some systems are 
relatively inseparable (although very few are 
perfectly inseparable), whereas other systems 
may be decomposed easily, with no loss of per- 

'We see an excellent example of this in software systems. 
In many software systems there are thousands of interde- 
pendent programs because of redundancies in the code or 
because of shared data. Any design change results in a 
"cascade" of required changes in other programs, known as 
a ripple effect (Fichman & Kemmerer, 1993). Because of this, 
many stakeholders in this industry are advocating the adop- 
tion of object-oriented programming, despite the major in- 
vestment in new skills and new systems this will require for 
many firms. With object-oriented programming, software 
modules are designed to be encapsulated so that they do not 

require the sharing of data, and the range of their interde- 
pendencies with other modules is limited to those intended 
by the interface. Encapsulation allows information within 
the module to be hidden; modules can interact without re- 
quiring full knowledge of the contents of each module. 
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formance. Separability-influenced primarily 
by the degree of synergistic specificity charac- 
terizing the system-will be one of the strongest 
factors conditioning whether a system will re- 
spond to pressures to become more modular. 

I now turn to examining those factors in the 
system's context that will create such pressure 
to become more modular. 

Heterogeneity of inputs and demands. As 
mentioned before, the primary action of modu- 
larity is to enable heterogeneous inputs to be 
recombined into a variety of heterogeneous con- 
figurations. Therefore, we must now ask, "When 
will the ability to produce multiple configura- 
tions increase the system's fitness?" The answer 
to this question is revealed already in the action 
of modularity: when there are heterogeneous in- 
puts and heterogeneous demands placed upon 
the system. The more heterogeneous the inputs 
are that may be used to compose a system, the 
more possible configurations there are attain- 
able through the recombinability enabled by 
modularity. Furthermore, the more heteroge- 
neous the demands made of the system, the 
more valued such recombinability becomes. 

The more potential configurations there are of 
a system, the more likely it is that configurations 
will be found that meet the heterogeneous de- 
mands made of the system. For a simple exam- 
ple, consider the following. Suppose a car can 
be assembled from a range of components. The 
wider the range of components that can be re- 
combined into a car, the wider the range of pos- 
sible car configurations achievable through 
modularity and the greater the potential oppor- 
tunity cost of being "locked in" to a single con- 
figuration. Furthermore, the more heteroge- 
neous the customers for cars are, the less likely 
they are to agree on a single configuration. By 
employing modularity, heterogeneous custom- 
ers can choose a car configuration that more 
closely meets their preferences. 

Close examination of this example reveals 
that each of these two factors reinforces the 
pressure created by the other. That is, if custom- 
ers are heterogeneous, but the possible compo- 
nents of a system are perfectly homogeneous, 
modularity might enable flexibility in scale but 
might not significantly increase the range of 
possible functions of the product configuration. 
Conversely, even if there is a wide range of 
components, but customers all want the same 
thing, there is little to be gained through offer- 

ing a modular system; it will be a simple matter 
to determine the best combination of compo- 
nents to meet customer demands and to inte- 
grate them into a nonmodular system (Langlois 
& Robertson, 1992). However, heterogeneity in 
the range of inputs, combined with heterogene- 
ity in customers, creates powerful incentives to 
adopt a modular system. 

Migration and Equilibria 

Systems can migrate toward increasing mod- 
ularity, becoming decomposed at ever-finer lev- 
els, until they again find a balance between the 
pressure to become modular and the functional- 
ity gained through synergistic specificity. For 
example, consider a system composed of parts 
A, B, and C. If there are many other alternative 
components that these components could be 
combined with (say, D-Z), and if some of the 
demands placed upon this system would be bet- 
ter met by other configurations (e.g., A + F + G 
or C + B + M), there will be pressure to decom- 
pose the system. If, however, the tight coupling 
of A, B, and C yields something much greater 
than any of these components could yield if 
combined in another configuration (synergistic 
specificity), this performance advantage will act 
against the pressure to decompose the system. 
The balance between the gains achievable 
through recombination and the gains achiev- 
able through specificity determines the pressure 
for or against the decomposition of the system. 

Should the gains from recombination win out, 
the system likely will be decomposed into a 
group of modular components. Furthermore, be- 
cause systems are typically nested hierarchies 
(as mentioned previously), each of these compo- 
nents is likely a system of other components-a 
system that faces its own balance among the 
heterogeneity of demands, the heterogeneity of 
inputs, and its degree of separability. Should 
heterogeneity of inputs and demands again win 
out, it too might be decomposed into modular 
components. Such a trajectory might go on and 
on until we reach a level at which the system is 
relatively inseparable, is composed of relatively 
homogeneous inputs, or faces relatively homo- 
geneous demands, or some combination of 
these. 

Similarly, if a system should begin to incur 
more advantages from highly specific compo- 
nents (through, perhaps, scientific advance), or 
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its inputs or demands become more homoge- 
neous, the system may migrate toward less 
modularity. And if this system is, in turn, a com- 
ponent of a larger system, and if there are strong 
gains to be achieved through making this com- 
ponent specific to a particular combination, it 
might become more tightly integrated with an- 
other even larger system. Thus, the trajectory of 
systems (with regard to modularity) is bidirec- 
tional: as the environment changes (causing de- 
mands or inputs to become more or less hetero- 
geneous) or the separability of the system 
changes, the system might migrate up or down a 
trajectory, toward or away from increasing mod- 
ularity. 

Overcoming Inertia 

There is one more element we must consider, 
even at this very general level of abstraction. As 
mentioned earlier, systems are characterized by 
inertia. They do not respond immediately and 
vigorously to every external influence. There- 
fore, it is altogether possible that a system will 
be relatively more or less modular than the bal- 
ance of its separability, heterogeneity of inputs, 
and heterogeneity of demands would otherwise 
indicate. Whether and to what degree a system 
responds to changes in its context are influ- 
enced by forces in the context that create ur- 
gency. For example, competitive intensity or 
time constraints (such as the rapid obsolescence 
of products and processes caused by technolog- 
ical change) can catalyze the system's response 
to these balances. For instance, as discussed at 
greater length later in the article, despite heter- 
ogeneous inputs and customers, minicomputer 
companies did not begin to offer more modular 
minicomputers until the rise of workstations be- 
gan to greatly increase competitive pressure in 
the minicomputer industry. Similarly, as men- 
tioned earlier, several authors have argued that 
it has been the increasing pace of technological 
change and the competitive intensity of increas- 
ingly globalized industries that have caused 
whole organizational systems to begin to de- 
compose and to use network configurations so 
that organizational components can be recom- 
bined quickly and fluidly to respond to environ- 
mental shifts (Achrol, 1997; Miles & Snow, 1986). 

In sum, we can map the factors influencing 
whether a system migrates toward increasing 

modularity as in Figure 14: the heterogeneity of 
both inputs and demands increases pressure for 
the system to become more modular, and both 
reinforce the effects of the other. The synergistic 
specificity of the system creates pressure 
against the system migrating toward modular- 
ity. Finally, factors creating urgency in the en- 
vironment can catalyze the system's response to 
the balance of these forces. 

I now apply this framework to a specific ex- 
ample: interfirm product modularity. 

INTERFIRM PRODUCT MODULARITY 

Products, like other kinds of systems, typically 
are bundles of components. A computer is a 
bundle of a CPU, a monitor, a keyboard, and a 
number of other components, many of which can 
be bought separately and assembled by the 
user, and some that typically are not. The mon- 
itor, in turn, is a bundle of many components 
(which are not typically sold separately to end 
users but may be exchanged among other inter- 
mediaries), such as LCDs, plastic housings, and 
so on. 

Many product systems are modular; they can 
be decomposed into a number of components 
that can be mixed and matched in a variety of 
configurations (Garud & Kumaraswamy, 1995; 
Sanchez, 1995; Sanchez & Mahoney, 1996). The 
components are able to connect, interact, or ex- 
change resources (such as energy or data) in 
some way, by adhering to a standardized inter- 
face. Unlike a tightly integrated product, 
whereby each component is designed to work 
specifically (and often exclusively) with other 
particular components in a tightly coupled sys- 
tem, modular products are systems of compo- 
nents that are "loosely coupled" (Orton & Weick, 
1990; Sanchez & Mahoney, 1996; Weick, 1976). 

Products can be made increasingly modular 
both by expanding the range of compatible com- 
ponents (increasing the range of possible prod- 
uct configurations) and by uncoupling inte- 
grated functions within components (making the 
product modular at a finer level). For example, a 

4For simplicity, the model depicts only the case of in- 
creasing modularity. However, it is a straightforward matter 
to convert the model to show causal factors for decreasing 
modularity by reversing the signs on the main effects of 
heterogeneity of inputs, heterogeneity of demands, and syn- 
ergistic specificity. 
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minicomputer manufacturer originally might of- 
fer a totally integrated, proprietary system in a 
single product configuration. However, greater 
market demand for flexibility might induce the 
manufacturer to begin to offer the system with a 
few different product configurations, each com- 
posed of the firm's own components. Should cus- 
tomers prefer to be able to combine the mini- 
computer with external components (such as of f- 
the-shelf software or peripherals made by other 
vendors), the minicomputer manufacturer even- 
tually might adopt a standard input-output pro- 
tocol (a standardized interface) that makes the 
product compatible with other firms' compo- 
nents (employing interfirm product modularity). 
If pressure continues for even greater flexibility, 
the company might uncouple many of the func- 
tions of its core system and begin to sell them as 
modular components, which may then be com- 
bined in a greater number of product configura- 
tions with both the company's own components 
and other vendors' components. In each of these 
stages, the product has become increasingly 
modular. 

The majority of products probably are modu- 
lar at some level. The most obvious examples 
are products that employ interfirm modularity, 
enabling customers to assemble their own mul- 
tivendor configuration. For example, many ste- 
reos, computers, shelving systems, and bicycles 
allow the customer to mix and match compo- 

nents from different vendors. There are a great 
many more products that are modular but that 
customers do not typically assemble themselves 
(although they may be able to choose the com- 
ponents). For instance, when a customer buys a 
car, he or she may be able to choose from a 
variety of product configurations available from 
the manufacturer (including engine size, uphol- 
stery options, automatic steering or transmis- 
sion, and so on), and he or she may be able to 
choose components made by other vendors 
(such as a stereo system, tires, roof racks, secu- 
rity systems, and so on). Even aircraft are offered 
in this way: although Boeing and Airbus manu- 
facture airframes, they do not manufacture en- 
gines. Engines are produced by such companies 
as GE, Pratt Whitney, or Rolls Royce. The en- 
gines generally are designed to be used in a few 
different aircraft models. Similarly, an aircraft is 
not committed to a single engine, although en- 
gineers might designate a "launch engine" as a 
preferred choice. The aircraft customer typically 
makes the final decision on which engine will 
be used in the aircraft. 

Even more products are manufactured in a 
way that employs modularity within the firm but 
that does not extend the modularity to the cus- 
tomer level. For instance, firms might design 
their products so that particular components can 
be reused in a variety of product designs- 
employing Garud and Kumaraswamy's (1995) 
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"economies of substitution." Different compo- 
nents might be included in multiple product 
configurations, but the end products themselves 
do not allow customer discretion over configu- 
ration. 

Modularity within the firm not only enables 
economies in product design but may also 
greatly simplify coordination. If all components 
must be tightly integrated and optimized for 
each other, their production often requires that 
all individuals involved in such design and pro- 
duction also work in close contact. A modular 
product design, in contrast, can enable the pro- 
duction process to be decentralized. A firm that 
creates a well-defined standard interface can 
allow the individuals working on particular 
components to work in whatever departmental 
configuration they deem most desirable (even if 
that means that the departments are highly au- 
tonomous), and still be assured that the compo- 
nents will interact effectively. 

There are a number of advantages and disad- 
vantages of employing increasingly modular 
product designs, but the advantage most often 
cited is modularity's ability to greatly increase 
flexibility in the end product by allowing a va- 
riety of possible configurations to be assembled 
(Baldwin & Clark, 1997; Garud & Kumaraswamy, 
1995; Sanchez, 1995). Modular technologies give 
users greater discretion over the function and 
scale of the end product, enabling users to cre- 
ate end products that perform functions more 
closely suited to their idiosyncratic needs. In the 
case of interfirm product modularity, it also en- 
ables customers to use components from a vari- 
ety of different vendors, rather than being 
locked in to a single provider. 

By applying the general modular systems 
framework developed earlier in the article to the 
specific case of modularity in products, we can 
simultaneously gain a deeper understanding of 
modularity as a general systems concept and 
explain why the dominant design of a product 
system should migrate toward or away from in- 
creasing modularity. I begin, as before, by con- 
sidering those factors that will influence the 
separability of the system. I then look, in turn, at 
factors that increase the heterogeneity of inputs 
and the heterogeneity of demands placed upon 
the system. Next, I explore issues of urgency: 
those factors that will catalyze the system's re- 
sponse to pressure for increasing modularity 

and those factors that might prevent such catal- 
ysis (Figure 2). 

Separability and Synergistic Specificity 

Integrated product systems can achieve syn- 
ergistic specificity both in the obvious way 
(through providing greater functionality by opti- 
mizing components to work together) and in a 
not-so-obvious way (through providing greater 
customer confidence that components will work 
well together, and through obviating the need 
for customer assembly). 

Functionality achieved through specialized 
components. Even products that can be adapted 
easily to a standard interface may work better if 
they are optimized to be run with particular sets 
of other components. This is often argued to be 
the case for software suites, and it might explain 
the migration from many independent office 
software applications to integrated office soft- 
ware bundles. 

After the first personal computer was intro- 
duced in the 1970s, there was rapid entry of 
competitors into the prepackaged software mar- 
ket. Early offerings included Visicalc and Micro- 
pro Wordstar (both introduced in 1979), followed 
by WordPerfect, Lotus 1-2-3, and Microsoft's 
Multi-Tool Word for Dos. Although there were 
many other entrants during the 1980s, by the 
1990s WordPerfect, Lotus, and Microsoft had 
risen to dominate the office software market. 
Initially, the companies competed via stand- 
alone software products, each differentiated 
from competitors in functionality and style. Per- 
sonal computer users were likely to have a com- 
bination of products on their computers from 
multiple vendors. 

However, after Microsoft's Windows 3.0 rose to 
become the dominant design in user interfaces 
(controlling roughly 90 percent of the market for 
IBM-compatible personal computers), software 
applications had to be Windows compatible in 
order to succeed. This eliminated some of the 
differentiation among the software offerings; 
each came to have a similar appearance and 
function. Furthermore, pressures for compatibil- 
ity (between, for instance, a user's home com- 
puter and his or her office computer) forced soft- 
ware companies to enable a degree of 
integration between their products and compet- 
itors' products, further encouraging software 
products to become more homogeneous. 
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At the same time that the products became 
less differentiated, there was growing pressure 
to make different kinds of software programs 
work together better. Many users of office soft- 
ware programs wished to combine word pro- 
cessing, spreadsheets, databases, and presen- 
tation graphics in their files, and a product 
bundle that could integrate these functions 
seamlessly became much more valuable than 
were the components individually. Conse- 
quently, the early 1990s witnessed a move from 
stand-alone software products (such as Word- 
Perfect or Microsoft Excel) to suites of integrated 
software products (such as Microsoft Office 97), 
designed to work better together than with other 
components. Through such integration and 
specificity, the product system yielded much 
greater functionality.5 

Proposition 1: The degree to which 
functionality is achieved through 
component specificityto will be nega- 
tively related to increasing interfirm 
product modularitytl. 

The degree to which functionality is achiev- 
able only through component specificity is re- 
lated directly to the availability and effective- 
ness of standard interfaces (Baldwin & Clark, 
1997; Garud & Kumaraswamy, 1995; Sanchez, 
1995; Sanchez & Mahoney, 1996). The function of 
a standard interface is to make assets nonspe- 
cific, thereby facilitating the adoption of a mod- 
ular structure. Without such an interface, firms 
might be able to provide components that could 
be mixed and matched with other vendors by 
developing specialized interfaces that coordi- 
nate the functions among a particular set of 
vendors' components, but the costs of develop- 
ing such specialized interfaces would be very 
high, and the choice among configurations 
would be constrained to those configurations 
predetermined by the vendors that had pro- 
duced the interfaces. (Some have argued that 
Microsoft's Windows is just such a constrained 
interface; this is discussed in greater length in 

the section on market power and architectural 
control.) 

Customer ability and willingness to choose 
and assemble components. If it is difficult for a 
customer to choose appropriate components or 
to assemble those components into the product 
configuration, then a nonmodular product may 
offer the customer additional functionality by 
eliminating selection and assembly responsibil- 
ities. In order for a customer to choose compo- 
nents of a modular system, he or she must be 
able and willing to distinguish among the per- 
formance, quality, and value attributes of differ- 
ent components, which frequently means that 
the customer must have great understanding of 
how the components work both individually and 
together. For simple products, or those products 
where quality and performance are easily mea- 
sured and the interaction among components 
well understood, the customer may have great 
confidence in his or her own ability to choose 
among components. However, where quality or 
performance are difficult to assess, the customer 
may be more likely to rely on a credible external 
source to choose components. 

Even for a given product system, customers 
may vary in their degree of knowledge and mo- 
tivation in choosing components. For example, 
although the average audio equipment cus- 
tomer usually buys a preassembled single- 
vendor stereo system (using brand name and 
limited technological information to assess 
overall system quality), more sophisticated au- 
diophiles often purchase stereo components in- 
dividually, from multiple vendors, in order to 
assemble a system that more closely matches 
their performance and price requirements. 

Holt and Sherman (1986) suggest that where 
component quality is difficult to assess, custom- 
ers may choose bundled or integrated products 
that are believed to provide an acceptable av- 
erage quality across the components. Further- 
more, where the nature of the interaction be- 
tween components is uncertain, the customer 
may seek a product that has been assembled 
already to optimize its performance, thus mak- 
ing integrated solutions more attractive. 

Proposition 2: The degree of difficulty 
customers face in assessing the qual- 
ity and interaction of componentsto 
will be negatively related to increas- 
ing interfirm product modularitytl. 

'A similar argument can be found in the marketing strat- 
egy literature on product bundling. Firms often combine 
components together into a bundle because the combination 
of particular components improves their performance rela- 
tive to their performance as components (Eppen et al., 1991; 
Guiltinan, 1987; Hanson, 1987; Hanson & Martin, 1990; Porter, 
1985; Wilson et al., 1990). 
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Furthermore, even when customers are willing 
and able to discriminate among components, 
they may be unwilling or unable to assemble 
the product configuration. Thus, an integrated 
product system may provide additional func- 
tionality in the form of preassembly6 (Kinberg & 
Sudit, 1979; Porter, 1985). 

Proposition 3: The degree of difficulty 
customers face in assembling compo- 
nentsto will be negatively related to 
increasing interfirm product modu- 
laritytl. 

Heterogeneous Inputs 

The inputs into a product system include both 
the technological options available to achieve 
particular functions and the resources and ca- 
pabilities of the firms involved in the production 
process. Heterogeneity in these inputs will in- 
crease the value to be obtained through modu- 
lar product configurations. 

Diversity of technological options available. 
When there are diverse technological options 
available to be incorporated into a product config- 
uration, modular product designs will be more 
attractive to both customers and producers. 

The diversity of available technological op- 
tions might compel customers to seek more flex- 
ible solutions and make being tied to a single 
vendor less attractive. First, the number of avail- 
able product configurations achievable through 
modularity is a direct function of the number of 
available components from which the customer 
may choose. A wider range of modular compo- 
nents quickly multiplies a customer's product 
configuration options, greatly increasing the 
flexibility gains to be reaped from modularity. 
Second, commitment to a single, integrated 
product system imposes an opportunity cost 
equivalent to the next best option available. 
When many different options are available, this 
opportunity cost is likely to be higher, because 

the next best solution is likely to be better than 
the next best solution when there are few op- 
tions available. Third, when there is a great 
diversity in available technologies, the cus- 
tomer faces more ambiguity about which option 
is actually best. When there is little diversity in 
the technological options, customers sacrifice 
less by being committed to a single vendor, and 
they face less uncertainty about the optimality 
of their technology choice. 

Diversity in the technological options avail- 
able makes modularity more attractive to pro- 
ducers as well. It is usually difficult, and costly, 
for a firm to support multiple technologies 
(Garud & Kumaraswamy, 1995; Penrose, 1959; 
Teece, 1986). Very often, firms must choose one 
or two technology designs, gambling on those 
they believe to be the best match with (1) their 
capabilities and/or (2) consumer requirements. 
As with customers, a large number of diverse 
options can increase a firm's ambiguity about 
which technology to support. Furthermore, if the 
various technologies are incompatible (and 
products based on the technologies are, there- 
fore, only offered as integrated systems), the 
firm might face a win-or-lose scenario: the firm 
either becomes a customer's sole supplier of an 
entire product system or it does no business 
with the customer at all. 

Under conditions of modularity, the firm does 
not face such a win-or-lose scenario. Modularity 
enables compatibility between disparate tech- 
nologies, lowering the risk to the firm of gam- 
bling on a particular technology. Multiple tech- 
nologies can coexist more peacefully. The firm 
does not have to compete for a customer's busi- 
ness for an entire system; it can compete for a 
customer's business for a particular component, 
focusing on a technology in which it excels and 
allowing other vendors to supply other technol- 
ogies. 

Proposition 4: Greater diversity in the 
technological options available in the 
marketto will be positively related to 
increasing interfirm product modu- 
larityt,. 

Differentiation in firm capabilities. Scholars 
of the resource-based view of the firm point out 
that firms have individual sets of core capabil- 
ities that distinguish them from competitors 
(Leonard-Barton, 1992). Because products often 
are made up of components that draw from dif- 

6In markets in which the customer is able to choose 
among components but unable (or unwilling) to assemble 
them, a market for third-party assemblers may arise or one 
of the component producers may take over assembly of the 
end-product configuration. For instance, airlines choose the 
airframe they will purchase and usually the engine (compo- 
nents that are produced by different manufacturers); how- 
ever, airlines are not involved in the assembly of these 
components. 
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ferent underlying production technologies, dis- 
tribution and marketing requirements, or other 
required skill sets, a firm's core capabilities may 
put it at a performance or cost advantage in 
producing some components, while putting it at 
a disadvantage in producing others (Barney, 
1991). A firm that specializes in those products in 
which it excels may earn higher returns than 
one that has its returns averaged across compo- 
nents in which it excels and those in which it 
does not. The greater the difference between the 
capabilities that firms possess, the greater the 
benefit they reap from specializing in different 
components. Thus, greater differentiation in 
firm capabilities can make modular solutions 
an attractive option for producers (Jacobides, 
1997). 

Great differentiation in firm capabilities can 
lead to increased pressure for modularity from 
customers as well. When differential capabili- 
ties among firms yield components with differ- 
ential performance and value, the customer pre- 
fers to be able to choose from among various 
vendors in order to assemble the technology so- 
lution that provides the best fit with his or her 
needs. (Alternatively, when there is little differ- 
ence between the capabilities that firms pos- 
sess, their products may be more similar in 
terms of function, performance, or value, thus 
reducing the value of being able to mix and 
match components.) 

Proposition 5: The degree to which 
firms in the market have different ca- 
pabilitiesto will be positively related 
to increasing interfirm product modu- 
larityt,. 

Diversity in the technological options avail- 
able and differentiation in firm capabilities will 
reinforce each other. The more differentiated 
firm capabilities are, the more likely firms will 
be to produce disparate technological options; 
likewise, the more technological options there 
are available to firms, the more likely they will 
be to choose to specialize in different things. 
Furthermore, when these two attributes are com- 
bined with the adoption of modular product de- 
signs, a circular dynamic may be engaged that 
propels a technology even further down a mod- 
ularity trajectory: (1) the more different the sets 
of skills are among competitors, the more attrac- 
tive modularity becomes, because it enables 
disparate technologies to be combined; (2) the 

use of modular product designs also enables 
firms to further specialize, encouraging them to 
pursue specialized learning curves and increas- 
ing their differentiation from competitors; and 
(3) the more firms travel down isomorphic learn- 
ing paths, they more they develop disparate 
technologies (see Figure 2). Such reinforcing ef- 
fects can fuel a technology's motion along a 
trajectory, until it again hits a point at which 
inseparability of components grinds it to a halt 
at a new (potentially transient) equilibrium. 

Proposition 6: The degree to which 
firms in the market have differenti- 
ated capabilities and the availability 
of diverse technological options will 
reinforce each other. 

Proposition 7: The adoption of increas- 
ingly interfirm modular product de- 
signst, may result in both the further 
differentiation of firm capabilitiest2 
and the development of diverse tech- 
nological optionSt2. 

Heterogeneous Demands 

Customer heterogeneity is an important factor 
that influences whether a technology will mi- 
grate toward increasing or decreasing modular- 
ity. When most customers desire roughly the 
same types of components and their require- 
ments for each individual component are com- 
parable, a firm is able to produce a bundle that 
is close to optimal for the majority of customers 
(Langlois & Robertson, 1992); through integrat- 
ing the products, the firm may be able to create 
performance or cost advantages that outweigh 
the sacrifices customers make in not being able 
to choose their own components. 

Alternatively, when customers for a particular 
technology solution have very different needs, it 
is more difficult for a single integrated solution 
to closely match their idiosyncratic require- 
ments.7 Consider the college textbook market. 
College course instructors have very heteroge- 

7 Consumer behavior researchers have made a very sim- 
ilar argument regarding bundling, pointing out that when 
buyers are heterogeneous, it becomes very difficult to offer a 
bundled product system that meets all of their needs (Bryan 
& Clark, 1973; Cready, 1991; Eppen et al., 1991; Jeuland, 1984; 
Kinberg & Sudit, 1979; Porter, 1985). Unbundled solutions, 
therefore, become much more attractive. 
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neous preferences both for the type of material 
they wish to deliver and for the method of deliv- 
ery. As inexpensive copying options proliferated 
(as did copyright clearinghouses, which facili- 
tate the transfer of copyright privileges), many 
instructors moved away from the single, large, 
integrated textbook and began assembling their 
own course packets from articles, book chapters, 
cases, and their own course notes. Although the 
packets were somewhat ungainly (many had no 
consecutive page numbering system, and most 
lacked a table of contents and index), they of- 
fered the instructor greater flexibility in design- 
ing a course that met their needs. The instructor 
could not only determine the topics and se- 
quence of the material but could also determine 
the depth to which a topic was explored. In re- 
sponse, publishing companies began designing 
their own customized textbook systems. One of 
the most widely used of these systems in the 
late 1990s was McGraw-Hill's Primis. 

Primis allows instructors to assemble their 
own textbooks from a database of book chap- 
ters, articles, cases, and other materials (Ven- 
katraman, 1997). The materials are not limited to 
McGraw-Hill's titles; Primis texts often include 
Harvard Business School cases, articles from 
journals, and book chapters from other publish- 
ers' texts, as long as copyright permissions are 
obtained. The materials are entered into a data- 
base and coded so that an instructor can choose 
materials and decide on their order, and a table 
of contents and indexing system are generated 
electronically. Books can be printed and 
shipped to bookstores within 5 to 10 days. 
McGraw-Hill's Electrobook Press also can print 
book runs of any quantity (McGraw-Hill fre- 
quently generates books for a single class) and 
does not require stopping for setups between 
titles. The ability to run small lots and to assem- 
ble and deliver books quickly allows instructors 
to update their texts from semester to semester. 

Although McGraw-Hill uses a proprietary sys- 
tem for its database, the company still allows 
components from multiple vendors (in this case, 
publishers) to be combined, which creates great 
flexibility for the user. Should a standardized 
coding system be established for the industry, it 
is conceivable that the entire industry will mi- 
grate toward true interfirm modularity, whereby 
instructors will be able to download materials 
from multiple publishers, arrange payment for 
copying rights, and assemble and copy the text 

through any facility capable of printing and 
binding. (McGraw-Hill already is distributing 
Primis texts through university copy centers, 
who then collect payment for the texts. These 
centers would be a likely place for such printing 
and assembly.)8 

Proposition 8: Customer heterogeneity 
in desired function or scale of pro- 
ductto will be positively related to in- 
creasing interfirm product modulari- 
tytl. 

The counter side of this proposition (that mod- 
ular solutions are less likely when buyer needs 
are relatively homogeneous) is supported by an 
examination of the bicycle componentry indus- 
try. Until the last 10 years, the bicycle compo- 
nentry industry was highly fragmented, com- 
posed of many small competitors providing 
differentiated products sold on an individual 
basis. 

However, in the 1980s, Shimano radically al- 
tered the industry norms. In addition to spend- 
ing considerably more on R&D and advertising 
than previous competitors, Shimano deployed 
its products very strategically. By 1984 it had 
invented the first click-shifting system-a 
breakthrough product that made bicycles more 
user friendly. It then combined these shifters 
into sets with derailleurs, crank sets, brakes, 
and other componentry that could not be mixed 
and matched. It also gave bike assemblers in- 
centives to use a wholly Shimano system (caus- 
ing it to be the target of an antitrust suit in 1989). 
Customers who wanted to have Shimano's click- 
shifting system on their bicycles were required 
to buy a bicycle that had the entire Shimano 
componentry set. (According to Shimano, the 
components were also optimized to work better 

8 There has been some concern that the modularization of 
texts could result in gaps or inconsistencies in materials. 
Chapters chosen from different books may not share the 
same terminology and may have been intended for people 
with different knowledge backgrounds-in essence, they 
may not fit as well together as chapters from a book that was 
planned as an integrated product (Venkatraman, 1997). That 
is, they forfeit synergistic specificity. To resolve this, there 
has been some discussion of authors writing chapters that 
stand alone better. Most book chapters currently are not 
designed to be modular components; however, if the pub- 
lishing industry were to move increasingly toward modular- 
ity in assembling texts, one would expect authors increas- 
ingly to plan for modularity in writing them. 
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with each other than if they were combined with 
other components-achieving synergistic speci- 
ficity.) 

The end result was a high-quality system of 
parts that had wide brand recognition. This, 
combined with the relative homogeneity of cus- 
tomer needs, enabled Shimano's componentry 
sets to become the dominant design in the bicy- 
cle componentry market. The vast majority of 
customers did not care enough (or were not well- 
informed enough) to compare the performance 
advantages of the various individual compo- 
nents. Although customers could have insisted 
on choosing among the various other compo- 
nents available to assemble a modular system, 
most were simply looking for a bicycle that had 
components of good quality and would function 
correctly. A well-known brand name and the 
endorsement of a salesperson often were 
enough to assure them that these needs were 
met. Since consumer needs were relatively ho- 
mogeneous, Shimano was able to assemble an 
integrated component set that met the needs of 
the majority of bicycle customers.9 

As of 1997, Shimano had gained a near mo- 
nopoly position in the U.S. bicycle component 
market, with an estimated market share of 86 to 
98 percent. Other componentry manufacturers 
were forced to seek out market niches where 
Shimano's design had not become dominant- 
for example, bicyclists with more specialized 
needs. Racing cyclists, touring cyclists, or those 
who subject their bicycle to very grueling off- 
road adventures have different demands for in- 
dividual components and are much more likely 
to assemble their own mix of components, thus 
avoiding a component package. These niche 
markets became the domain of componentry 
providers, such as Campagnola and Sachs.10 

Furthermore, as the auto example provided in 
the general modular systems section illustrates, 
such heterogeneity of demands and the hetero- 

geneity of inputs will have reinforcing effects 
upon each other. 

Proposition 9: Heterogeneous inputs 
(diversity in technological options and 
differentiation in firm capabilities) 
and heterogeneous demands (custom- 
er heterogeneity) will each reinforce 
the effect of the other. 

Urgency 

Some of the primary factors that create ur- 
gency in the contexts of product systems are 
speed of technological change and competitive 
intensity. Such factors increase the likelihood of 
the system responding to pressures to become 
more modular. Alternatively, when there is low 
urgency in the context or when a firm (or group 
of firms) is so powerful that it experiences less 
urgency, the product system might be pushed (or 
retained) at a point on a trajectory that seems a 
poor fit with the balance of the demands of its 
context and the synergistic specificity of the sys- 
tem. For example, firms might wish to prevent 
the adoption of modular product designs be- 
cause modularity would decrease their market 
power or architectural control. Each of these sit- 
uations is discussed below. 

Speed of technological change. One of the 
major factors increasing the pressure to migrate 
toward modular technology solutions is the 
speed of technological change. Where technol- 
ogy advances rapidly, both customers and pro- 
ducers desire flexibility in order to respond to 
the rapidly changing heterogeneity of inputs 
and demands. High-speed technological change 
can both increase the rate at which new and 
heterogeneous inputs proliferate and, by rapidly 
expanding the scope of possibilities for custom- 
ers, nurture the rapid evolution of heteroge- 
neous demands. Because the product design 
must be able to adapt quickly to fulfill hetero- 
geneous demands (or to incorporate heteroge- 
neous inputs), a modular solution becomes very 
attractive. 1 1 

9 This example also demonstrates how a producer can 
leverage one highly desirable proprietary component into 
control over a whole product system-a topic discussed at 
greater length in the section on market power and architec- 
tural control. 

" Although modularity may be the dominant form in in- 
dustries characterized by heterogeneous customer needs, 
and integrated systems may be dominant where customer 
needs are similar, there may still be niche providers who 
will provide the alternative form for those customers not 
falling into the majority group. 

" It is also possible that the migration to more modular 
technology designs will foster more rapid technological 
change. The decomposition of a system into simpler compo- 
nents might enable each component to be improved more 
rapidly-as implied by the earlier arguments about special- 
ization's improving a firm's ability to travel down a partic- 
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For customers, modularity reduces switching 
costs and enables them to upgrade particular 
components as new technology becomes avail- 
able, without replacing the entire system 
(Sanchez, 1995). Consider again the minicom- 
puter industry. In the late 1970s companies such 
as Digital Equipment Corporation (DEC) and 
Data General began to challenge IBM's domi- 
nance in computing by offering minicomputers. 
Smaller than a mainframe but considerably 
more powerful than personal computers or 
workstations of that era, minicomputers were 
rapidly adopted by small- to medium-size busi- 
nesses. Minicomputers typically utilized a pro- 
prietary central processor, combined with a pro- 
prietary system bus and run with a proprietary 
operating system. This meant that a customer 
was locked into a single-vendor system that 
usually was not compatible with hardware or 
software from other vendors. Minicomputers 
generally were customized to individual cus- 
tomers to meet their particular needs, and if the 
customer wanted to develop a new project, they 
would have to hire consultants to do custom 
programming or would have to do their own 
programming in house (Streicher, 1991). This 
process was costly and slow, but at the time 
there were no other reasonable alternatives. 

As microprocessor technology evolved, the 
processing power of PCs began to reach levels 
at which industrial control systems could be 
based entirely on a network of PCs. Customers 
began to move to networked PCs and worksta- 
tions in droves. By adopting a workstation net- 
work based on standard interfaces, customers 
quickly could alter both the function and scale 
of their computing systems, upgrading individ- 
ual components as new alternatives became 
available. They also could quickly adopt new 
software, enabling a given set of hardware to 
accomplish a much wider range of tasks. 

DEC, Data General, and Hewlett Packard all 
responded by moving toward increasingly mod- 
ular, microprocessor-based products, configured 

in a client-server relationship, and were able to 
survive the minicomputer industry shakeout. 
DEC launched the VAX 4000 Model 300-a pow- 
erful local area network (LAN) server and a suite 
of network management software for multiven- 
dor LANs (Nesbitt, 1990).12 Data General built a 
new line of RISC systems (the AViiON line of 
systems, servers, and workstations) embracing 
the UNIX operating system and various network- 
ing standards (PR Newswire, 1990). Hewlett 
Packard also introduced a new line of RISC- 
based minicomputers based on open systems 
(the HP 3000 and the HP 9000 Series; Slofstra, 
1990). 

In contrast, Wang and Prime both stuck to 
their proprietary integrated systems and did not 
fare nearly as well. After suffering severe losses 
from 1986 through 1989, Wang announced that it 
would refocus its business on image processing 
technology. Prime saw its revenue bottom out in 
1985 and chose to change its market domain, 
focusing instead on CAD/CAM products (Kiely, 
1989). In 1992 Prime announced it would phase 
out its hardware operations. 

In addition to increasing customer pressure 
for modularity, technological change may also 
make modularity more attractive to producers. 
Modularity enables a producer to incorporate 
new technologies into its products as they be- 
come available, while still being able to com- 
bine components within the existing product ar- 
chitecture (Henderson & Clark, 1990).13 As long 
as new technology generations are compatible 
with the standard interface, components based 
on the new technology may still integrate with 
the installed base of components based on the 
previous technological generation. Modularity, 
therefore, increases the ease with which both 
customers and producers may upgrade their 
technology (Garud & Kumaraswamy, 1995), and 
it may slow the obsolescence of other parts of 
the product system. 

ular learning curve. Alexander (1964), Holland (1995), and 
Kauffman (1995) have made parallel arguments. However, in 
technological systems there is likely to be a complex web of 
interactions between the design (i.e., the interfaces and 
overall architecture) and contextual factors that will condi- 
tion whether this relationship holds. This possibility war- 
rants a much more in-depth examination than can be in- 
cluded here-I suggest it only as a potential area of future 
inquiry. 

12 A local area network server enables a more distributed 
computing environment, whereby workstations are linked in 
a network and interact with a central server. A multivendor 
LAN allows components from different vendors to be linked 
in a network-a much more modular solution than minicom- 
puters. 

13 Alexander made a similar argument when he pointed 
out that a complex adaptive system will be able to move 
from a state of misfit with its context to "perfect fit" much 
faster if it is composed of subsystems that are relatively 
independent of each other (1964: 40-41). 
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Proposition 10: If there are pressures to 
increase or decrease the interfirm 
modularity of a product system, the 
speed of technological changeto will 
increase the likelihood of such a mi- 
grationtl. 

Competitive intensity. If a product market has 
heterogeneous inputs and heterogeneous de- 
mands, a high degree of competitive intensity 
will increase the likelihood of one or more com- 
petitors opting to offer a modular product in an 
effort to differentiate themselves competitively. 
Through offering modular products, firms may 
create product configurations that more closely 
fit customer needs, and thus enable them to 
penetrate more market niches. Furthermore, if 
those modular products meet the heterogeneous 
demands of customers better than tightly inte- 
grated products, many other competitors may be 
forced to follow suit. Modular products may 
erode a firm's market power and architectural 
control (as discussed later), but if competitive 
intensity is fierce, firms are more likely to bow to 
market pressure. 

Competitive intensity also puts great pressure 
on firms to lower costs. Modularity may impact 
the end cost to customers through its influence 
on both switching and product costs. When cus- 
tomers choose a nonmodular solution, they are 
making a commitment to a single source and 
forfeiting the many other options that would be 
achievable through reconfiguring heteroge- 
neous inputs. Once a solution is chosen, the 
customer bears significant switching costs to 
change vendors. However, modularity enables 
purchasing from multiple sources, thus decreas- 
ing switching costs (Jacobides, 1997; Sanchez, 
1995). If a customer decides to change to a prod- 
uct from another vendor, that customer need 
only change components-not the entire sys- 
tem. 14 

Modularity also can impact the price custom- 
ers pay for products by influencing both firm 
costs and margins. In a market characterized by 
product design modularity, component vendors 
might benefit by increased specialization (Lan- 
glois, 2000). Consider first the alternative case. A 

firm that produces all of the components of a 
system faces greater fixed and variable costs: it 
must have the equipment required to produce a 
variety of components, not all of which will be 
based on the same manufacturing technologies; 
it might have to employ more people in order to 
ensure a wider range of available skills; it likely 
will have higher inventory costs because it must 
hold both the raw materials for a wider range of 
products and the range of end products them- 
selves; and it might face greater setup costs to 
vary production, although flexible and lean 
manufacturing systems may attenuate some of 
these costs (Lei, Hitt, & Goldhar, 1996). In con- 
trast, a firm that specializes in producing only 
one or a few components can avoid these costs 
and can focus on those components that best 
leverage its core capabilities and maximize its 
performance/value ratio. 

Furthermore, modularity can increase the de- 
gree of competition among component providers 
both because it lowers customer switching costs 
and lowers entry barriers by enabling competi- 
tors who only produce one or a few components 
(but not the entire system) to enter the market. 
This can result in greater pressure on firm profit 
margins and may translate into lower costs for 
consumers. 

We can see all three of these price/cost effects 
in the minicomputer case discussed earlier: cus- 
tomers found modular minicomputers (or net- 
worked workstations, which are also a modular 
alternative) more attractive than conventional 
minicomputers because they enabled changes 
to be made to the system without changing the 
whole system or relying on a single vendor (low- 
ered switching costs), and because increased 
competition between minicomputer and micro- 
computer providers resulted in lower prices 
(lowered margins). Furthermore, both the micro- 
computers and the modular minicomputer com- 
ponents were less expensive to produce than 
highly customized minicomputer solutions (low- 
ered production costs). 

Proposition 11: If there are pressures to 
increase or decrease the interfirm 
modularity of a product system, com- 
petitive intensityto will increase the 
likelihood of such a migrationt1. 

A particularly interesting competitive dy- 
namic arises when industries are characterized 
by strong network externality effects. Under con- 

14 This is very consistent with the marketing and econom- 
ics literature on bundling, where authors posit that con- 
sumer price sensitivity will decrease the likelihood of bun- 
dling (Nagle, 1987). 
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ditions of network externalities, a consumer's 
benefit from using a good is related directly to 
the number of other users of the same good (Katz 
& Shapiro, 1986). Network externalities are likely 
to be particularly important when the products 
interact in a physical network (e.g., telecommu- 
nications, computer networks) or when comple- 
mentary goods (e.g., software for computers, vid- 
eotaped movies for videoplayers) play a key role 
in the function of the product. In such systems 
the fitness (or value) of the system, thus, is 
closely linked to the size of its installed base 
and the availability of complementary goods. 
Furthermore, product designs with an initial ad- 
vantage in installed base or complementary 
goods availability can reap self-reinforcing 
feedback effects: customers are more likely to 
choose the product design (increasing the in- 
stalled base), and complementary goods pro- 
ducers are more likely to support the product 
design (increasing the availability of comple- 
mentary goods). Through this cycle of increasing 
returns, the product rises rapidly to a position of 
dominant design (Arthur, 1989). 

In such markets, rapidly gaining a large in- 
stalled base (and encouraging the proliferation 
of complementary goods) is of extreme impor- 
tance. This creates a dilemma for the firm about 
whether to protect or diffuse its technology: al- 
though a firm might wish to protect its propri- 
etary technologies (through patents, secrecy, 
and so on) in order to appropriate rents, product 
systems based on open standards might more 
rapidly accumulate an installed base and be 
compatible with a wider range of complemen- 
tary goods. Proprietary systems, therefore, might 
be at more risk of being locked out of the market 
by a competing standards-based design (Schill- 
ing, 1999). 

Modular systems offer an attractive compro- 
mise. By encapsulating proprietary technology 
within a component that conforms to an open 
standards-based architecture, firms can reap 
the advantages of compatibility with a wide 
range of complementary goods while still re- 
taining the rent-generating potential of their 
proprietary component. Network externalities, 
therefore, can increase the pressure for modular 
systems. However, a firm that already has a 
firmly entrenched position as the dominant de- 
sign also can use network externalities to its 
favor, resisting modularity in an effort to gain 
market power and architectural control. 

Market power and architectural control. Thus 
far, I have focused on arguments in which firms 
bow to market pressure and offer products that 
best fit the balance of the pressures created by 
heterogeneous inputs and demands, as well as 
the synergistic specificity of the product system. 
However, even when other variables indicate 
that a firm should experience strong pressure to 
offer increasingly modular products, the firm 
might continue to focus on integrated systems if 
its strategy is to increase market power or archi- 
tectural control. If the firm possesses some 
unique asset or position in the market that en- 
ables it to resist the pressure created by heter- 
ogeneous inputs and demands, it might be able 
to push the market to an otherwise unlikely 
equilibrium. 

For example, Prybeck, Alvarez, and Gifford 
(1991) have pointed out that a firm possessing 
proprietary control over an important compo- 
nent in a system can restrict market access by 
offering that component only as part of a total 
product system. If potential entrants to the in- 
dustry must be able to provide an entire system 
(rather than individual components), integrated 
systems can act as a significant barrier to entry 
(lowering competitive intensity)-particularly if 
one proprietary component of the integrated 
system is highly desired by customers and can 
be protected from compatibility with other pro- 
viders' components. 

Consider again Microsoft's Windows. Win- 
dows reaped tremendous network externality 
benefits early in its history by being tied to DOS 
(which had reaped network externality benefits 
of its own through its initial bundling with IBM 
personal computers). Its huge installed base 
and complementary goods advantages gave Mi- 
crosoft great control over the evolution of the 
personal computer operating system standard. 
Microsoft was able to make Windows an in- 
creasingly large and integrated product, despite 
consumer and competitive pressure for in- 
creased flexibility and "leaner" programs. By 
incorporating ever more utility programs into 
the core program, Microsoft has expanded Win- 
dows to take over the roles of many other soft- 
ware components. Whereas a user once pur- 
chased an operating system, uninstaller 
programs, disk compression programs, and 
memory management programs separately, 
Windows 95 and 98 integrate all of these prod- 
ucts, and more, into the operating system. Many 
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have argued that doing so has decreased con- 
sumer choice and made the operating system a 
"bloated, unwieldy product only experts can use 
without confusion, crashes and endless compat- 
ibility problems" (Elgan, 1998: 17). This "feature 
creep" has had a major impact on competition in 
the industry: many utility producers, such as 
Qualitas, Stac Electronics, Microhelp, Quarter- 
deck, and others, have abandoned their once- 
profitable products. 

Similarly, a firm with a unique and powerful 
asset or position in the market may avoid mod- 
ular product designs because it wishes to retain 
architectural control of the product. For exam- 
ple, many industry observers have argued that 
Microsoft provides incomplete information to 
third-party applications developers regarding 
the "hooks" that allow software to be compatible 
with Windows. By strategically excluding some 
vendors from access to the full details of the 
interface, Microsoft retains more control over 
what products can be made compatible. This 
enables Microsoft to protect its market power in 
product categories that might otherwise have 
been overrun with competitors, and it gives the 
company great control over the evolution of the 
architecture of personal computer software.'5 

Strategy, then, may defy pressures for increas- 
ing modularity if a firm possesses a unique and 
powerful advantage. However, it does so at risk: 
if the benefits of a modular product design are 
very strong, the firm's integrated system even- 
tually might be rejected by the market in favor of 
modular alternatives, even if that means giving 
up some unique, desirable feature. The firm that 
has concentrated on protecting its integrated 
product position then might be at a disadvan- 
tage in competing in modular component mar- 
kets. The methods by which and reasons why 
firms choose to resist (or promote) modularity in 
an environment encouraging a different solu- 
tion are as varied as firms themselves-thus, I 
offer no propositions for this topic. I develop 
these two examples merely to illustrate how 
firm strategy sometimes might be at odds with 

the migration path suggested by the nature of 
the technology and its context. 

IMPLICATIONS, LIMITATIONS, AND 
SUGGESTIONS FOR FUTURE RESEARCH 

The model of interfirm product modularity has 
immediate implications for management and 
public policy, which are discussed below. The 
research implications of both the general model 
and its application to product modularity are 
even farther reaching. If the model holds up to 
theoretical and empirical scrutiny, it opens up a 
wide range of future research possibilities. 
These possibilities, and the challenges they 
pose, are discussed in the section on implica- 
tions for future research. 

Implications for Management and Public 
Policy 

The ability to understand, predict, and ex- 
plain a product system's migration toward in- 
creasing or decreasing modularity should prove 
very valuable both to incumbents and new en- 
trants in an industry. For incumbent firms, un- 
derstanding the pressures that drive a market 
toward or away from product modularity will 
help them both to predict competitive shifts in 
their market and to influence the path their mar- 
ket will take. For instance, if there are strong 
pressures for a market to become more modular 
(e.g., technology is changing very rapidly and 
customers want the flexibility to be able to put 
together their own set of components), a firm 
that produces only integrated product systems 
may be at risk of losing its market share to 
competitors (either other incumbents or new en- 
trants) who provide modular alternatives. 

An incumbent that recognizes there are strong 
pressures for increasing modularity can resist 
such a shift by actively opposing the develop- 
ment (or adoption) of a standardized interface. 
Alternatively, it might choose to usher in the era 
itself, possibly securing first mover advantages. 
This might have been McGraw-Hill's strategy in 
providing modular textbooks. The growing pop- 
ularity of reading packets that were being pro- 
vided by copy centers demonstrated the value 
users ascribed to being able to assemble their 
own texts. It also demonstrated that this method 
of "publishing" was open to nontraditional com- 
petitors-any company capable of securing 

15 Note that architectural control also could be maintained 
by a consortium of loosely coupled organizations, if consor- 
tium members were able to maintain a cooperative agree- 
ment. However, in the computer industry such consortiums 
(e.g., the Open Software Foundation) have proven to be very 
difficult to sustain. 
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copyright permissions and offering duplication 
and binding could put together a packet. 
McGraw-Hill's strategy was to leverage its own 
resources to provide a product that had advan- 
tages over those provided by a copy center. Spe- 
cifically, McGraw-Hill could provide better copy 
quality since it could work with electronically 
produced originals, as well as generate a table 
of contents and indexing system. Also, by draw- 
ing largely on its own titles, it could avoid much 
of the difficulty and expense of obtaining copy- 
right permissions. 

Although McGraw-Hill's move may precipi- 
tate an industry-wide shift toward modularity 
that induces other incumbents to offer similar 
products (as well as open the door for new com- 
petitors), McGraw-Hill may secure some first 
mover advantages by building the Primis brand 
name and by securing relationships with au- 
thors and instructors. McGraw-Hill is aware that 
Primis will cannibalize some of its traditional 
textbook sales, but the company prefers to can- 
nibalize its own sales than to give share away to 
competitors. 

For potential new entrants, identifying the 
forces that either encourage or discourage in- 
creasing modularity can alert them to a new 
market opportunity and shape their tactics for 
entry. If a market has pressures for modularity, 
yet there are no modular providers, new en- 
trants might be able to capture a portion of the 
market quickly (and radically alter the industry 
dynamics) by offering a modular alternative. 
Such firms would have a strong interest in de- 
veloping and promoting a standardized inter- 
face. 

Conversely, when there are strong pressures 
for integration, an entrant might benefit by forg- 
ing alliances with incumbent firms. For in- 
stance, if the entrant is able to offer a component 
that provides desirable technological features 
that could be integrated with an existing prod- 
uct system, the entrant might be able to enter a 
market successfully by engaging in a bundling 
relationship with an established product system 
provider. The bundling relationship can help the 
new entrant to overcome entry barriers, rapidly 
reach an established customer base, and might 
give the firm access to the incumbent firm's cap- 
ital to fund fast growth or technological devel- 
opment. 

Being able to identify the forces driving an 
industry either toward or away from modularity 

also could be very useful for public policy mak- 
ers. One major implication of the model is that 
some industries will benefit (both on customer 
and producer sides) from increasing integration, 
whereas some will not. The model helps to clar- 
ify, among other things, when integration is de- 
sirable from the customer's point of view and 
when it actually constitutes an injurious tie-in 
(Grimes, 1994). It also has important implica- 
tions for what degree of concentration we 
should expect to see in an industry. If the indus- 
try has strong customer, technological, and firm 
pressures to deliver an integrated product, we 
would expect to see greater industry concentra- 
tion and larger firms, since only such firms may 
be able to deliver a wholly integrated product 
system. Alternatively, if the industry has strong 
pressures for modularity, we would expect the 
industry to become more fragmented; therefore, 
an oligopolistic industry structure might be an 
indicator that consumer welfare is being expro- 
priated and deserves closer scrutiny. 

Implications for Future Research 

The general modular systems theory devel- 
oped here ultimately might prove useful for un- 
derstanding the integration and disaggregation 
of many kinds of systems. By using the theory to 
derive a more specific model of interfirm prod- 
uct modularity, I have demonstrated the appli- 
cability of the theory to one particular kind of 
system. However, the general model hopefully 
can be used to derive specific causal and ex- 
planatory models for many kinds of modular 
systems, including (but not limited to) organiza- 
tional systems (e.g., "Why do firms form inte- 
grated hierarchies or disaggregate into loosely 
coupled systems of contracts?"), biological sys- 
tems (e.g., "When does it benefit protein strands 
to integrate into large, tightly integrated organ- 
isms?"), and social systems (e.g., "Does the logic 
of modularity explain why populations of peo- 
ple should shift from large urban centers to net- 
works of much smaller, more dispersed neigh- 
borhoods?"). 

Even within each of these areas there are mul- 
titudes of different kinds of systems to which 
this model may apply. The challenges then, are 
to derive the more specific applications of the 
model to these many systems and see to what 
degree it remains effective and robust, and to 
identify what kinds of systems, if any, the model 
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may not apply to and why this would be the 
case. 

The model also yields some operation- 
alization challenges because of the circularity 
of the relationships. A factor might increase the 
likelihood of modularity, which, in turn, would 
increase the intensity of the factor (which is why 
many of the propositions in the interfirm product 
modularity model include time anchors). These 
circular relationships, and the fact that all sys- 
tems may be modular at some level, mean that 
any empirical test of the model must attempt to 
measure change in the degree of modularity 
and should be designed to capture temporal ef- 
fects. 

There is much left to be done before we can 
have great faith in the reliability and validity of 
the model's ability to explain the integration 
and disaggregation of different kinds of sys- 
tems. However, if future research refines and 
validates the model, we will have a powerful 
new tool for understanding systems. Even if the 
model fails under future scrutiny-but in the 
process spurs the development of better models 
that can achieve such a task-it will have 
served a useful purpose. 
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