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85 Competing—and Learning—in
86 Modular Markets87

88 Ron Sanchez and Robert P. Collins

89 This paper explains how the adoption of modular approach product and process
90 architectures can greatly improve product development performance and provide a
91 powerful framework for knowledge management and organisational learning. We first
92 consider specific ways in which modular architectures enable both new processes for
93 product development and new product strategies. We then explain how disciplined
94 adherence to the modular way of creating new products helps an organisation to
95 identify its current technological capabilities more clearly, and to define objectives and
96 processes for strategically focused organisational learning. We discuss three seemingly
97 counterintuitive principles in the new strategic logic of managing in the modular way,
98 as well as new management practices involved in the modular way of working. �c
99 2001 Published by Elsevier Science Ltd100

101 Introduction
102 In recent years managers in many industries have witnessed
103 broad transformations of their competitive environments.
104 Among the most important of these transformations is an inten-
105 sification of product market competition that challenges man-
106 agers to find new ways to increase their firm’s product cre-
107 ation capabilities.
108 In this article, we explain how strategic use of modular product
109 and process architectures is now enabling some firms to create
110 greater product variety, to bring technologically-improved pro-
111 ducts to market more rapidly, and to achieve lower costs of pro-
112 duct creation and realisation. Drawing on the experience of GE
113 Fanuc Automation,1 a global leader in industrial automation sys-
114 tems, as well as examples of leading-edge firms in other product
115 markets, we explain how the modular approach to creating pro-
116 ducts makes possible new kinds of product strategies and is help-
117 ing firms re-invent the way they compete—and learn—in their
118 product markets.
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119Many firms are now beginning to use some aspects of modular
120architectures in their product strategies, especially in creating
121“platform” designs for families of products.2 What is less widely
122understood, however, is that modular architectures offer a
123powerful knowledge management framework for identifying a
124firm’s strategically important knowledge and capabilities and for
125leveraging them more effectively. When used in this key knowl-
126edge management role, modular architectures can help a firm
127both discover its hidden capability bottlenecks and identify its best
128targets for focused strategic learning and capability development.
129In addition, modular architectures provide a new means to coor-
130dinate and accelerate distributed learning processes within net-
131works of suppliers and collaborating firms. To achieve these
132benefits, however, firms must set new priorities and adopt new
133practices in their product creation processes. In effect, managers
134must learn to follow a new strategic logic for competing and learn-
135ing in modular product markets.
136We begin our discussion by explaining one of the most visible
137benefits of modularity—the ability to configure new product
138variations quickly and at low cost by “mixing and matching”
139components within a modular product architecture. We consider
140both closed-system and open-system strategies for using the con-
141figuration flexibility of modular architectures, and explain how
142modular product strategies are becoming the drivers of new
143kinds of competitive interactions.3

144We then draw on the example of GE Fanuc to illustrate some
145of the key transformations a firm must undergo when adopting
146modular strategies. We explain how GE Fanuc redefined its pro-
147duct designs as modular architectures, converted its product cre-
148ation and realisation processes to the modular way of working,
149and adopted some simple design rules for quickly and efficiently
150leveraging new products from its modular architectures. The
151result of this transformation was that GE Fanuc reduced its pro-
152duct development time and resource requirements by more than
153half, while significantly increasing the range and number of pro-
154duct variations it offers to customers.
155We then consider how a disciplined modular approach to cre-
156ating product and process architectures can illuminate both the
157content and structure of a firm’s technological knowledge. We
158show how modular architectures act as a powerful lens for dis-
159covering hidden capability bottlenecks that limit a firm’s ability
160to create and realise new products. We also explain how some
161firms such as GE Fanuc are now using modular architectures to
162coordinate inter-organisational development processes that sig-
163nificantly increase the speed and scope of a firm’s strategic learn-
164ing. Used in this way, modular architectures provide managers
165with a powerful knowledge management framework for acceler-
166ating development of organisational capabilities.
167Obtaining these benefits from modular architectures requires
168establishing new priorities and new practices in managing the
169way a firm creates its products and processes. We therefore sum-
170marise some basic principles in the new strategic logic for man-
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171 aging in modular markets—a logic that runs counter to much
172 conventional management wisdom. We consider three funda-
173 mental, but at first counterintuitive, principles that managers
174 must master to compete effectively in modular markets:

175 �176 Products design organisations.
177 �178 Standardisation increases flexibility.
179 �180 Discipline enhances creativity.

181 We conclude by noting two ways that modular architectures can
182 help managers maintain a clear focus on the critical tasks of set-
183 ting strategic directions and goals for their firms.

184 How modular architectures change product
185 competition
186 Every product has an architecture, which is defined by two funda-
187 mental properties of a product design:

188 �189 The decomposition of the overall functionalities of a product
190 (i.e., the set of benefits that the product will bring to its users)
191 into the specific functional components that make up the tech-
192 nical structure of the product.
193 �194 The interface specifications that define how the various func-
195 tional components will interact with each other when they
196 function together in the product.

197 The functional decomposition of an architecture is usually
198 most visible in assembled products, such as desktop computers
199 that are composed of distinct components such as micropro-
200 cessors, memory chips, and disk drives. However, virtually all
201 product designs can be decomposed into functional components
202 or elements that interact in specifiable ways. A simple plastic cup,
203 for example, can be decomposed into rim, wall and base, and
204 each of these components must interact with the others in speci-
205 fied ways within the product design. Service products can also
206 be decomposed architecturally into activity components. Retail
207 banking services, for example, are composed of routines for mak-
208 ing deposits, transferring funds, providing overdraft protection,
209 and so on, and each routine must interact with the other routines
210 in specified ways to provide each customer with a “seamless”
211 banking service.
212 A product architecture becomes modular when:

213 �214 Interfaces between functional components are specified to
215 allow variations in components to be substituted into the pro-
216 duct architecture;
217 �218 Interface specifications are then standardised—that is, not
219 allowed to change during the commercial lifetime of the pro-
220 duct.

221 Most personal computers have modular architectures that
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222accept variations in components (such as disk drives or memory
223boards of different capacities) as long as each variation conforms
224to the standardised interface specifications for that type of
225component. Standardising interfaces that allow substitutability of
226component variations lets a firm “mix and match” component
227variations in a modular architecture to configure product vari-
228ations that offer different combinations of component-based
229functions, features, and performance levels.4

230In creating modular architectures, firms may pursue either
231closed-system or open-system strategies. In a closed-system strat-
232egy, a firm creates a proprietary modular architecture intended
233to accommodate only component variations supplied by the
234firm. In an open-system strategy, a firm may disclose its interface
235specifications so that other firms can develop components for its
236product architecture. Alternatively, a firm may collaborate with
237other firms in establishing industry standards that define the types
238of functional components they will use and the interface specifi-
239cations that will apply to each type of component.5

240Adopting a modular architecture is a watershed event for both
241a firm and an industry, because it creates a well-defined and
242relatively stable technical infrastructure that encourages firms
243and their suppliers to develop component variations compatible
244with the architecture. Firms that create new products can then
245draw on a growing array of new and improved modular compo-
246nents in configuring a stream of product variations. Moreover,
247when competition among suppliers of standard components
248drives component prices down, costs of products also fall.
249The flexibility to leverage new products by configuring new
250combinations of components within a modular architecture
251makes possible a number of new product strategy initiatives:

252� 253Modular architectures can be used to explore customer prefer-
254ences for different combinations of functions, features and
255performance levels through real-time market research.6 Sony,
256a skilled user of modular architectures, leverages many vari-
257ations of its products to discover “in real time” the most
258desired models in each of its markets. In developing the US
259market for its Walkman products, Sony introduced more than
260160 product models in a ten-year period to discover the com-
261binations of functions, features, performance levels, and price
262most preferred by US consumers.7

263� 264Modular product variations may be leveraged to saturate the
265most profitable regions of product space and leave no uncon-
266tested product space to invite entry by competitors. This strat-
267egy has helped Sony maintain a dominant global market share
268in Walkman-type products.8

269� 270To maintain market leadership, interfaces in modular archi-
271tectures may be specified to accommodate new or improved
272components expected to become available during the com-
273mercial lifetime of the architecture. Improved products can
274then be configured and brought to market as soon as
275improved components are developed. Sony used this modular
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276 strategy to introduce its HandyCam video cameras, offering a
277 rapid succession of upgraded models based on planned
278 improvements in key components.
279 �280 When a modular architecture is strategically partitioned so
281 that product variety and change is “contained” in specific
282 components, other components may be standardised and used
283 in all or many of the product variations leveraged from a
284 modular architecture. Effective use of standardised “common
285 components” may significantly reduce costs of developing,
286 producing, inventorying, and servicing allowing substantial
287 cost reductions while sustaining high levels of product variety.
288 Today Volkswagen leverages six well differentiated product
289 lines from its “A4” platform architecture,9 while achieving
290 substantial cost savings by using sets of non-differentiating
291 common components in all models.

292 Firms that understand how to use modular architectures in
293 such ways may launch aggressive new product strategies that cre-
294 ate new competitive dynamics in an industry. Product variety
295 increases, technologically upgraded products come to market
296 more quickly, and product costs (and prices) decline. Product
297 markets as diverse as personal computers, consumer electronics,
298 mobile phones, home appliances, power tools, sports bicycles,
299 athletic shoes, and financial services are now showing the com-
300 petitive effects of the increasing modularisation of products.10

301 (See the Appendix for a summary of recent research on modular
302 architectures and their roles in product and organisation
303 strategies.)
304 Successfully pursuing modular product strategies, however,
305 requires new processes for creating and realising products. We
306 therefore next consider GE Fanuc’s experiences in converting to
307 modular product architectures and in creating modular process
308 architectures to support its modular product strategies.

309 Reinventing product creation at GE Fanuc
310 Automation
311 GE Fanuc Automation produces industrial automation systems
312 that can be individually configured to control a great variety of
313 production processes. As factories around the world began to
314 modernise and automate in the 1980s and 1990s, demand for
315 customised automation systems increased sharply, automation
316 technologies advanced rapidly, and competition intensified as
317 several major firms entered the market. These developments
318 challenged GE Fanuc to find new ways to expand its range of
319 products, increase its speed of bringing technologically improved
320 products to market, and reduce the costs of its products.
321 GE Fanuc’s first step was one taken by many firms in the
322 1980s—replacing a traditional sequential product development
323 process with a multifunctional team approach. This change
324 reduced GE Fanuc’s product development cycle from about 30
325 months to 20 months, but as other firms in the industry also
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326adopted team-based development processes and reduced their
327development times, the window of opportunity for profitable
328sales of new generation products narrowed to a few months or
329less. Extensive efforts by GE Fanuc’s development teams to achi-
330eve further time reductions were not successful. Adding more
331people to development projects, for example, seemed only to
332increase the time required to complete a project.
333GE Fanuc’s managers eventually realised that achieving further
334reductions in development time would require a fundamentally
335new approach, and so they decided to “go back to the drawing
336boards” to rethink the way the firm developed new products.
337Their first step was to assemble a task force to analyse in detail
338several recent development projects to determine exactly how
339time and resources were being consumed.
340The task force’s analysis led to a startling discovery that
341brought into sharp focus a key relationship between product
342architectures and product development cycle times. The analysis
343showed that designs of key components were frequently changed
344during development projects to accommodate new market
345demands or to incorporate new technologies. Making design
346changes in one component, usually required changing the
347designs of other components that the component interacts with,
348which in turn led to changes in the designs of yet other compo-
349nents, and so on, in effect causing “chain reactions” of time-
350consuming redesigns of components and respecifications of the
351interfaces between those components. The task force found that
352such chain reactions of component redesigns occurred many
353times during a development project and typically consumed more
354than half of the time and resources required to develop a new
355product. Moreover, because the interfaces between components
356were evolving in uncontrolled ways as components were being
357redesigned, both the component designs and the interface speci-
358fications that emerged from each development project were
359unique to that project. By trying to use this traditional develop-
360ment process to respond to increasing market demands for more
361product variety, the firm was not only slow in bringing new pro-
362ducts to market, it was also creating a costly and rapidly growing
363number of idiosyncratic components and parts that could only
364be used in one product model.
365This analysis persuaded GE Fanuc’s managers that a much
366more disciplined approach to managing component designs and
367interface specifications was the key to achieving major reductions
368of time, resources, and overall costs in developing new products.
369GE Fanuc’s managers also began to understand that better coor-
370dination of component designs and interface specifications across
371the firm’s development projects was the key to increasing the use
372of common components and lowering product costs.
373GE Fanuc’s managers subsequently adopted three new prac-
374tices in their development processes:

375(i) 376GE Fanuc adopted a standardised way of decomposing its
377product architectures into key functional components,
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378 which the firm calls technology building blocks. Figure 1
379 shows the standard types of components that make up the
380 technology building blocks in a typical GE Fanuc pro-
381 duct architecture.
382 (ii)383 When developing a new product architecture, GE Fanuc
384 first defines “flexible” component interface specifications
385 that allow a range of component variations within each
386 technology building block to be combined with a range of
387 component variations in other technology building blocks
388 to configure a large number of product variations.11

389 (iii)390 GE Fanuc also follows a strict policy of “freezing” the inter-
391 face specifications between technology building blocks at
392 the beginning of component development processes. In
393 effect, GE Fanuc constrains the subsequent development
394 of new components to conform to interface specifications
395 that have been standardised for each technology building

1104
1105

1106
1107

1108 Figure 1. The Technology Building Bocks in GE Fanuc’s Modular Product Architecture
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396block. The standardised interface specifications for each of
397the firm’s product architectures are then compiled in
398“interface documents” that are provided to both internal
399and external development groups.

400Following adoption of these practices in GE Fanuc, time-con-
401suming chain reactions of component redesigns were eliminated,
402because all component designs must now conform to a stable set
403of standardised interface specifications. Eliminating component
404redesigns significantly reduced the amount of development
405resources consumed. Moreover, because component designs
406must conform to a stable set of interface specifications, compo-
407nents can now be developed concurrently. As a result, develop-
408ment cycle times have been greatly reduced. Once fully
409implemented, this modular approach to managing product cre-
410ation reduced GE Fanuc’s time to bring a new product architec-
411ture to market to an average of 6 to 9 months, compared with
41220 months under its earlier process.
413GE Fanuc’s greatly improved speed in developing new pro-
414ducts now lets the firm “fast cycle” through development of sev-
415eral new product architectures in the time previously required
416to develop a single new product. GE Fanuc now uses this fast-
417cycle capability to renew its product lines more frequently and
418to bring technologically improved products to market more
419quickly. By sharing its standard component interface specifi-
420cations with component suppliers, GE Fanuc has access to an
421expanding range of available component variations that lets the
422firm configure a virtually unlimited number of product vari-
423ations to meet individual customer requirements. Further, the
424firm’s component interface specifications are now strategically
425coordinated to enable the use of certain common components
426across product models and even across product architectures,
427leading to sharply lower costs for many key components.

428Applying modularity principles to process
429architectures
430As GE Fanuc began to use the flexibilities of its modular product
431architectures to introduce more new products more quickly in
432the 1990s, managers began to understand the importance of
433developing complementary flexibilities in the firm’s process capa-
434bilities. Reasoning that designs of processes could also be decom-
435posed architecturally into “component” activities that interact in
436specifiable ways, GE Fanuc’s managers defined the basic building
437blocks in the firm’s product creation and realisation processes.
438As shown in Figure 2, managers identified design, manufactur-
439ing, and user capabilities as the key technology building blocks in
440GE Fanuc’s process architecture. Staff then spent several months
441defining the specific capabilities available to the firm in each
442technology building block.
443GE Fanuc’s next step was to define process interface specifi-
444cations governing the interactions of the technology building
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1114 Figure 2. The Technology Building Blocks in GE Fanuc’s Modular Process Architecture

445 blocks in its process architecture. Like its interface specifications
446 for products, these process interface specifications are compiled
447 in “process interface documents” that are disseminated through-
448 out the firm. As suggested in Figure 2, GE Fanuc’s process inter-
449 face documents contain both technical specifications defining the
450 current capabilities in each process technology building block
451 and certain “design rules” governing the interactions between the
452 firm’s product architectures and the design, production, and user
453 capabilities in its process architectures. Let us take a closer look
454 inside each of these process interface documents.
455 The Design Process/Product Architecture Interface Document
456 defines the current design capabilities of the firm and provides
457 design rules governing how those capabilities may be used in
458 creating and leveraging product architectures. The current capa-
459 bilities in GE Fanuc’s design technology building block are
460 defined by (i) a “design library” of currently available designs
461 for parts and components that are compatible with one or more
462 of the firm’s product architectures, and (ii) a set of “design tools”
463 (design methodologies) that GE Fanuc’s developers must use in
464 designing new parts and components. To assure that its current
465 design capabilities are used quickly and efficiently, a basic design
466 rule adopted by the firm requires developers to re-use an existing
467 component in the design library whenever it can provide the
468 performance required for a new product. If no suitable compo-
469 nent design is available in the design library, then a second design
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470rule requires developers to create a new component design by
471following an existing design methodology in the current set of
472tools. Following these two design rules assures that GE Fanuc’s
473developers will not waste development time “re-inventing the
474wheel” by inventing new component designs or design method-
475ologies when existing designs and methodologies can do the job.
476The Design Process/Production Process Interface Document
477gives designers detailed definitions of current production capa-
478bilities of the firm and its key suppliers. In defining the internal
479and supplier capabilities included in its production technology
480building block, GE Fanuc’s managers went well beyond simply
481compiling general descriptions of production capabilities. Rather,
482the firm defined precisely the limitations in each production
483capability that impose constraints on the components the firm
484can make and assemble. The firm’s production capability in
485assembling printed circuit boards (PCBs), for example, is defined
486by the maximum and minimum dimensions of PCBs that can
487be processed through GE Fanuc’s or its suppliers’ assembly lines,
488by current limitations in component sizes and pin spacings the
489firm or its suppliers can mount on a PCB, and so on. In effect,
490clearly defining the constraints that available production capabili-
491ties impose on the products the firm can make has enabled GE
492Fanuc’s managers to understand clearly the actual flexibilities
493that the firm currently has to operate within those constraints.
494To assure that new product variations that designers want to
495leverage from GE Fanuc’s modular product architectures can be
496readily manufactured, the Design Process/Production Process
497Interface Document also includes a design rule that requires
498designers to select or create component designs that the firm and
499its suppliers are currently capable of producing.
500A similar approach was followed in defining GE Fanuc’s user
501capabilities technology building block. GE Fanuc’s automation
502systems are monitored by human operators who have been
503trained to recognise a number of Windows-based templates and
504icons displayed on computer monitors to represent various pro-
505duction processes. These templates and icons are now compiled
506in the Design Process/User Process Interface Document to rep-
507resent current user capabilities. A design rule requires that exist-
508ing templates and icons be re-used wherever possible in new pro-
509duct designs, because introducing new templates or icons
510imposes significant costs of providing additional training to large
511numbers of operators.
512Defining the capabilities in its process architecture and coordi-
513nating the interactions of its product and process architectures
514through clear design rules has enabled GE Fanuc to become as
515fast in producing and installing new products as it is in
516developing them. When new products are designed to be manu-
517factured within current production capabilities, for example,
518newly developed products can go into full production in a matter
519of days, not months. When a new product architecture does
520require new process capabilities, however, those capabilities can
521be defined before development of product components begins.
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522 This early definition of new process capability requirements
523 enables concurrent development of both new product compo-
524 nents and the new process capabilities needed to make and
525 assemble new components.

526 Using modular architectures to manage
527 knowledge and strategic learning
528 As GE Fanuc’s managers implemented their modular approach
529 to product creation, they began to understand another important
530 benefit of modular architectures. Well-defined modular architec-
531 tures provide a powerful framework for identifying and leverag-
532 ing a firm’s current knowledge, for discovering hidden “capa-
533 bility bottlenecks”, and for extending and accelerating strategic
534 learning processes. Let us examine each of these important bene-
535 fits.
536 Most firms lack a systematic framework for identifying knowl-
537 edge that is currently “inside” a firm or available to it. Conse-
538 quently, to determine whether a firm has the knowledge needed
539 to commercialise a new product idea, managers must typically
540 obtain feasibility assessments from various technical experts
541 within the firm. The process of assessing feasibility is time-con-
542 suming, but more importantly, such assessments are frequently
543 performed under considerable time pressures and often produce
544 incomplete or inaccurate assessments. The consequences are that
545 firms sometimes do not undertake development projects they
546 could readily complete, or—more critically—they sometimes
547 commit to projects they actually do not have the know-how to
548 complete.
549 As GE Fanuc came to understand, clearly defining both the
550 components currently available in its design library and the
551 design tools currently available to component developers creates
552 a “balance sheet” of the firm’s current design capabilities. New
553 product ideas, once decomposed into sets of required compo-
554 nents, can be quickly compared against the balance sheet to
555 determine which needed components the firm already has or
556 could readily design, and which components would require new
557 designs or new design methodologies. Similarly, defining its cur-
558 rent production and user capabilities enables GE Fanuc to recog-
559 nise which new product ideas would require developing new pro-
560 duction or user capabilities, and which would not. Thus, in a
561 fundamental sense, GE Fanuc’s careful architectural definition of
562 its current product and process capabilities enables its managers
563 to “know what we know”—and therefore to leverage the firm’s
564 current knowledge more effectively.
565 Equally as important, GE Fanuc’s managers can also recognise
566 when new product ideas would require capabilities the firm does
567 not currently have. In effect, the careful definition of capabilities
568 involved in creating modular product and process architectures
569 brings to the surface the hidden “capability bottlenecks” that
570 limit a firm’s ability to design, produce, and support new pro-
571 ducts. The capability bottlenecks that are currently limiting a
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572firm’s options for creating new products can then be targeted
573for focused strategic learning and capability development. GE
574Fanuc now uses this method to generate an evolving “Wish List”
575of well-defined capabilities that the firm wished it had, because
576they would open up significant new market opportunities for the
577firm. The Wish List is carefully and frequently reviewed by GE
578Fanuc’s senior and mid-level managers to select opportunities for
579strategic investments in developing important new capabilities.
580GE Fanuc’s modular architectures also help the firm to
581develop more finely-tuned approaches to managing its strategic
582learning and capability development. For each of the technology
583building blocks in its modular product architectures, GE Fanuc
584pursues a specific strategy for developing and sourcing compo-
585nents. Certain components (like memory chips) are technically
586necessary, but are not sources of distinctive performance in the
587firm’s products, and the firm simply buys the most cost-effective
588components currently available in the market. Components like
589microprocessors and operating systems, however, are important
590performance drivers in GE Fanuc’s products. Microprocessor
591design is not a capability in which the firm believes it could be
592a world leader, so GE Fanuc works with world-class micropro-
593cessor firms as strategic partners in developing new micropro-
594cessor designs for its products. However, GE Fanuc does have
595world-class capabilities in developing operating systems and pro-
596grammers for the sensors and controls used in industrial auto-
597mation systems. GE Fanuc therefore develops these technology
598building blocks internally as a key source of strategic competitive
599advantage. GE Fanuc pursues similar strategies for developing
600the technology building blocks in its process architectures.
601GE Fanuc also uses its modular architectures to stimulate and
602coordinate globally distributed, inter-organisational learning
603processes. Because interface specifications for modular architec-
604tures define the essential outputs of component development
605processes (i.e., component designs that conform to standardised
606interface specifications), developing components for a modular
607architecture can become a “loosely coupled” process carried out
608autonomously and concurrently by competent development
609groups anywhere in the world. By publishing the interface speci-
610fications for components in its modular architectures, GE Fanuc
611now benefits from the activities of more than 300 firms world-
612wide that develop components compatible with GE Fanuc’s pro-
613duct architectures. The growing range of component variations
614compatible with the firm’s modular architectures greatly
615enhances GE Fanuc’s ability to configure customised automation
616systems to serve every customer’s requirements.
617A few firms such as GE Fanuc have realised that modularity
618offers more than product strategies. Modular architectures are
619also a foundation for learning organisations that can quickly
620adopt the most advantageous combinations of internal, collabor-
621ative and market arrangements for developing and sourcing new
622components and capabilities. It is no coincidence that firms in
623industries with the highest sustained rates of technological pro-
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624 gress—e.g., semiconductors, personal computers, and telecom-
625 munications equipment—are also the most extensive users of
626 modular architectures.12

627 New management roles in modular approaches
628 to product creation
629 Modular approaches to managing product creation also differ
630 from traditional approaches in the roles that managers play and
631 the kind of technological learning that occurs in each approach,
632 as suggested in Figure 3.
633 Traditional product development typically requires initial
634 inputs from product line managers to agree on the general per-
635 formance attributes and cost characteristics desired for a new
636 product. Given a statement of these goals for a new product,
637 developers first create a system design that decomposes the new
638 product into subsystems and components. As we have discussed
639 earlier, interface specifications typically change frequently as new
640 component designs are developed, and the lack of stable compo-
641 nent interfaces during development processes leads to chain reac-
642 tions of component redesigns. These chain reactions mean that
643 mid-level managers must frequently adjudicate a variety of

1116
1117

1118
1119

1120 Figure 3. Comparison of Management Inputs and Organisational
1121 learning in traditional versus Modular Product Development Pro-
1122 cesses
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644“interface issues” arising between component development
645groups.
646Interface issues take several familiar forms. For example, when
647one component development group requests a change in a
648second group’s component design that is needed to help the first
649component work better in the overall product design, the second
650development group may not agree with the intent of the
651requested design change. Managers will then have to intervene
652to decide whether a component design change should be made.
653If a design change is to be made, managers may have to ensure
654that each development group cooperates fully in making design
655changes, and may have to decide how the costs of redesign will be
656allocated to each development group. Moreover, if a component
657development group has gone on to another development project,
658managers may have to decide whether a needed component rede-
659sign should receive priority over the group’s current design pro-
660ject. As GE Fanuc found in analysing its traditional development
661processes, such decisions can consume very significant amounts
662of middle management time, as suggested in Figure 3.
663By contrast, the modular approach to product development
664must be initiated with a higher level of inputs from top manage-
665ment, because the objective of the modular development process
666is to create a “platform” for the firm’s strategic initiatives in a
667given product market over a strategically determined time hor-
668izon—often two or three years or longer. Thus, a higher level of
669participation by top management is needed to provide strategic
670guidance in defining the extent of market coverage and the rate
671of technological upgrading desired from a new product architec-
672ture. These strategic inputs from top management then set the
673goals for the specification and standardisation of component
674interfaces that will “design into” the product architecture the
675desired strategic flexibility to leverage and upgrade products.
676When fully specified and standardised, the interface specifi-
677cations for a new modular product architecture provide an infor-
678mation structure that implicitly coordinates each component
679development group’s activities. As long as all development
680groups design components that conform to the standardised
681interface specifications of the modular architecture for their
682component, middle managers no longer need to adjudicate inter-
683face issues during development, because interface issues no
684longer arise. The time that middle managers spend managing
685component development processes can be greatly reduced and
686largely directed to checking whether individual component
687development groups are staying on schedule and within budget.
688Throughout the modular development process, both top and
689middle levels of management have a critical role to play in ensur-
690ing that all component development groups agree to a set of
691standardised component interfaces for a modular architecture—
692and then strictly conform to those interfaces in creating their
693component designs. As firms that have worked with modular
694development processes have learned (many of them the hard
695way!), discipline by all component development groups in stick-
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696 ing to the standardised interface specifications is the key to rad-
697 ically reducing development time through concurrent compo-
698 nent development.
699 New approaches to managing interface specifications also play
700 a critical role in the technological learning that occurs in modular
701 development processes. Because interface specifications change
702 frequently during traditional development processes, component
703 developers tend to take a very pragmatic, problem-solving
704 approach and specify interfaces that are simply adequate for spe-
705 cific components at their current state of development. A similar
706 pragmatic approach is also likely in finalising interface specifi-
707 cations after debugging a newly developed product. When devel-
708 opers manage interface specifications in this ad hoc way, they
709 often fail to develop in-depth systematic understanding about
710 the ways that different types of components can reliably interact
711 in product architectures. Thus, traditional product development
712 often results in “spotty” technological knowledge limited to spe-
713 cific component designs.13

714 Creating modular product architectures, however, leads devel-
715 opers to acquire much more systematic architectural knowledge
716 about how various components work and interact. An analogy
717 from just-in-time (JIT) manufacturing suggests why. The disci-
718 pline of running a lean JIT production system in which all pro-
719 cesses are expected to work right all the time helps a firm quickly
720 discover and solve problems in producing parts that would be
721 obscured if the firm maintained “buffer inventories” of parts.
722 Analogously, the discipline of fully specifying component inter-
723 faces that are expected to work perfectly for a range of compo-
724 nent variations in a new modular product architecture encour-
725 ages developers to discover and diagnose deficiencies in their
726 knowledge of how such components systematically behave and
727 interact. Such deficiencies in a firm’s architectural knowledge are
728 usually obscured in the traditional development process by the
729 “process buffer” of allowing frequent ad hoc changes in inter-
730 face specifications.
731 Architectural learning about components is also fostered when
732 a firm uses system integration methods to debug a new modular
733 product architecture. In systems integration, component interac-
734 tions are analysed and tested for all combinations of component
735 variations allowed by the modular architecture to develop
736 insights into the “system behaviours” of the various types of
737 components. These insights can then be incorporated in new or
738 improved interface specificationsfor governing the interactions
739 of components in a firm’s product architectures. When a firm
740 adopts the further discipline of regularly translating its architec-
741 tural learning into improved interface specifications, the firm’s
742 interface documents become both an archive and a balance sheet
743 of the firm’s technological knowledge about the building blocks
744 of its products and processes.
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745A new strategic logic for competing in modular
746markets
747Managers interested in applying modularity concepts in their
748firms must learn a new strategic logic for competing that contra-
749dicts much conventional management wisdom. The strategic
750logic of modular architectures is based on some new “first prin-
751ciples” of organising and managing that at first seem counterin-
752tuitive. We now briefly consider three principles in the new stra-
753tegic logic of modular markets.14

754“Products design organisations”
755Implicit in the design of every product are specific tasks that
756must be performed in order to develop and realise that product.
757As a result, the product designs a firm creates greatly influence
758how the organisation designs the firm could adopt to develop,
759produce, distribute, and service its products. When the compo-
760nent designs in a product architecture are complexly interde-
761pendent, processes for creating and realising components will
762also be complexly interdependent and must be organised to sup-
763port frequent communication, coordination and other interac-
764tions. By contrast, when interface specifications are standardised
765in a modular architecture, component designs that conform to
766those interface specifications become “loosely coupled,” in the
767sense that various component designs can be freely interchanged
768in the product architecture. Processes for creating and realising
769those components can then also become loosely coupled—i.e.,
770they become largely autonomous and do not require frequent
771communication and coordination between component develop-
772ment groups. In this sense, at a fundamental level, “products
773design organisations”.15

774The implications of this principle for strategic managers are
775profound. In essence, the principle tells us that making a firm’s
776processes and structures more flexible and “modular” requires
777as an essential first step making the firm’s product architectures
778more modular. Without adopting flexible modular product
779architectures, the goal of creating flexible modular organisations
780will remain an elusive dream.

781“Standardisation increases flexibility”
782Standardising components and interactions at a lower level of a
783system is the key to creating important forms of flexibility in a
784higher level of the system. For example, standardising the basic
785goods and services required to travel by automobile brings flexi-
786bility to the “higher level” process of taking automobile trips.
787Just imagine how difficult and time-consuming travelling by car
788would be without standardisation of gasoline types, gas pump
789nozzle sizes, lubricant types, tyre sizes, types of highway signs,
790traffic rules requiring cars to stay on one side of the road, and
791so on.
792Analogously, if the functions and interactions of components
793in a new product architecture are not standardised, developing
794the new product architecture becomes complex, difficult and
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795 time-consuming. Standardising component types and interfaces,
796 however, greatly reduces the time, cost, and difficulty—or in
797 other words, increases the flexibility—of processes for developing
798 new product architectures.

799 “Discipline enhances creativity”
800 Creativity is often assumed to require an environment with
801 unfettered freedom to explore and experiment. Yet as we have
802 suggested here, a firm’s creativity in developing new products
803 can be greatly enhanced by following some well-defined rules for
804 creating. These rules occur in two forms, each governing a differ-
805 ent level of creative activity.
806 One form of creativity consists of combining things
807 (components or activities) in new ways that are permitted by a
808 current set of combinatorial rules. For example, blues musicians
809 often improvise new “riffs” or patterns of notes within the tra-
810 ditional structure of chords and progressions—i.e., the combina-
811 torial rules—that define blues as a form of music.
812 A second form of creativity consists of creating new sets of
813 combinatorial rules that bring new possibilities for improvising.
814 For example, jazz has evolved from a fairly narrow set of early
815 musical patterns—i.e., combinatorial rules—to the much
816 broader and more highly elaborated sets of chords, progressions,
817 and beats that now characterise modern jazz as a form of music.
818 Analysis of the evolution of the combinatorial rules that define
819 jazz reveals both the ongoing adaptation and incorporation of
820 “components” borrowed from other music forms and the inven-
821 tion of new musical components, as well as experimentation with
822 new ways of combining components. In other words, in emerg-
823 ing as a new form of music, jazz has explored a number of trans-
824 formative rules for creating new combinatorial rules for interre-
825 lating music structures and components.
826 In the same way, the creation of new products can flourish by
827 following both combinatorial and transformative rules for cre-
828 ating. When a firm creates a modular product architecture, the
829 interface specifications for the architecture provide a set of com-
830 binatorial rules within which developers can freely improvise new
831 products based on new combinations of modular components.
832 Of course, firms also need to be creative by “thinking outside
833 the box” and periodically going beyond the combinatorial possi-
834 bilities of their current architectures. It is impossible to recognise
835 what constitutes “outside the box” thinking, however, if you
836 can’t tell what, in effect, is already “inside” the boundaries of the
837 box. When a firm’s managers can clearly understand the combi-
838 natorial limits inherent in the interface specifications of its
839 modular architectures, it becomes much easier to recognise or
840 imagine next generation architectures that would represent sig-
841 nificant transformations beyond the current capabilities of the
842 firm.
843 Contrary to the popular notion of unfettered freedom as the
844 cradle of creativity, discipline in exploiting the combinatorial
845 possibilities of a current modular architecture and in defining
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846transformative modular architectures with new combinatorial
847possibilities may well be the more productive—and more man-
848ageable—engine of creativity. One of the greatest strategic bene-
849fits of modularity, therefore, may be providing clear rules for
850managing both creative improvisation within an organisation’s
851current capabilities and creative transformations to new sets of
852organisational capabilities.

853Conclusion
854The complexity and dynamics of contemporary business
855environments challenge all managers to find new frameworks for
856making sense of competitive environments and for identifying
857each firm’s strategic options for action. We therefore conclude
858our discussion of modularity by suggesting a further—and per-
859haps the most important—benefit that modularity can bring to
860the managers of a firm.
861Traditionally, firms have developed individual products, and
862for most firms today the units of strategic analysis and planning
863remain the individual products they offer to markets. Yet today
864the rate of change in most product markets is so great, and the
865breadth of product variety needed to meet customer demands
866is so broad, that focusing management attention on individual
867products can lead to overwhelming complexity. For managers
868trying to understand the scope and speed that a firm must sustain
869in creating new products for its markets, thinking in terms of
870individual products may no longer be the most appropriate—or
871even feasible—way to grasp a firm’s strategic options for
872approaching markets. Today, managers who think in terms of
873individual products may fail to see the “forest” because of their
874focus on the “trees”.
875Modular architectures, by contrast, are strategic platforms for
876leveraging a range of product variations and for managing
877planned technological upgrading of products over time. Usually
878a significant part of a market can be served—often for an
879extended period of time—by a well conceived and well executed
880modular architecture. Modular architectures therefore provide a
881new unit of strategic analysis and planning that encompasses a
882potentially wide range of individual products. As many senior
883managers in companies that have adopted modular architectures
884have realised, thinking in terms of modular platforms rather than
885individual products can significantly reduce the complexity man-
886agers face and bring into focus the broader and longer-term view
887of products and markets that managers must have.
888Further, when the standardised interfaces in modular architec-
889tures are used to coordinate product creation and realisation pro-
890cesses, those processes can become largely self-managing. Both
891mid-level and senior managers can then redirect much of their
892time and attention from the routine tasks of monitoring, prob-
893lem solving and intervention in those processes to refocus on
894the essential tasks of strategic direction-setting and goal-setting.
895In the final analysis, the greatest benefit for the managers of
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896 a firm that adopts the modular way of working may well be a
897 greatly improved ability to see the firm’s strategic options more
898 broadly and clearly—and to reclaim the time needed to provide
899 vision and leadership in pursuing those options most effectively.

900 Appendix. Recent research on modular
901 architectures
902 Economists were among the first researchers to study the impact
903 of product architectures on competition. Several industrial
904 organisation economists16 have investigated the competitive
905 implications of adopting standardised interfaces between pro-
906 ducts (and by extension, standardised interfaces between compo-
907 nents in products). The institutional economists Langlois and
908 Robertson17 also documented the key role of standardised modu-
909 lar interfaces between components in stimulating high rates of
910 innovation in the personal computer and consumer electronics
911 industries.
912 Strategic management researchers began to investigate the
913 competitive consequences of modularisation of product architec-
914 tures in the 1990s. Garud and Kumaraswamy18 investigated the
915 use of modular architectures to achieve economies of substi-
916 tution—the cost savings that result when component variations
917 can be “substituted” into a product design to create new product
918 variations at low cost. Sanchez and Sudharshan analysed the
919 enabling role of modular architectures in the real time market
920 research—the use of modular architectures to leverage product
921 variations used to explore markets in real time through fast, low-
922 cost leveraging of modular product variations.
923 The use of architectures to manage interactions of product
924 and process designs began to be researched in the 1990s. For,
925 example, Shirley19, Ulrich,20 and Robertson and Ulrich21 explored
926 a number of ways in which product architectures can be used
927 to improve coordination of a firm’s new product designs and its
928 manufacturing processes.
929 Some key implications of modularity for strategic management
930 began to emerge in the mid-1990s. Sanchez22 explained how
931 modular architectures can be the basis for creating significant
932 new strategic flexibilities that enable firms to bring a broader
933 range of products to market more quickly, to upgrade their pro-
934 ducts more frequently, and to create new products at lower costs
935 of development. Sanderson and Uzumeri23 documented Sony’s
936 use of modular product architectures to manage families of con-
937 sumer electronics products such as the Walkman. Sanchez24 sub-
938 sequently analysed the considerable changes in the marketing pro-
939 cesses of firms that are possible when they can use modular
940 product and process architectures to leverage large numbers of
941 product variations.
942 Some broad organisational implications of modularity were
943 suggested by Sanchez and Mahoney25 in their research into the
944 role of modular architectures in creating more flexible organis-
945 ation designs and more effective processes for organisational
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946learning and innovation. Meyer and Utterback26 and Meyer,
947Tertzakian and Utterback27 have explored the ways in which
948architectures can help identify strategically important capabilities
949and define objectives for more focused research and develop-
950ment. Research into the impacts of standard modular architec-
951tures on technology-intensive organisations and technical work-
952ers has been undertaken by Tushman and Murmann28 and
953Wade29, among others. Sanchez30 described new kinds of product
954development processes and new allocations of development tasks
955that organisations need to adopt when they begin to use modular
956architectures. Baldwin and Clark31 have drawn on their historical
957studies of the computer industry to suggest some general impli-
958cations of modular architectures for the management of product
959development and market strategies.
960The broader technological, organisational, and strategic
961impacts of modular architectures are now being elaborated by
962growing numbers of management researchers. Schilling has pro-
963posed a general theory of modular systems and the incentives
964that give rise to modular systems in a product market. Drawing
965on his studies of firms that are now making the conversion to
966the modular way of working, Sanchez (forthcoming)32 explains
967how modular architectures can serve as a comprehensive frame-
968work for integrating technology strategy, product strategy, organ-
969isation strategy and organisational learning.
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