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Introduction

A growing body of theoretical and empirical literature argued that the relevance of external sources of component and knowledge for a firm’s competitive advantage has increased in the last two decades.  This is due to two profoundly interrelated sets of factors: increasing complexity of products in terms of number of components composing them and the expanding set of components’ knowledge bases deriving from the increasing specialization of scientific and technological disciplines.  Hence, managing external relationships (through the development and maintenance of an extensive flow of information across the boundaries of the firm) becomes critical to develop and sustain a competitive advantage.

The concept of network has emerged as a form of organization of economic activity as opposed to markets and hierarchies (Powell, 1990).  Empirical studies emphasized the relevance of network forms of organization as patterns of economic organization in an increasing number of industrial sectors (Kogut, 2000; Lorenzoni and Lipparini, 1999).  As argued by Richardson (1972: 895) “Firms are not islands but are linked together in patterns of co-operation and affiliation.  Planned co-ordination does not stop at the boundaries of the individual firm but can be effected through co-operation between firms”.

The importance of network relationships and the management thereof has also been emphasized in studies of complex product systems industries (Hobday, 1998).  Complex product systems (CoPS) are capital-, engineering- and IT-intensive, business-to-business products.  They are multitechnology, multicomponent products, often produced in multi-firm alliances, as a one-off or in small batches for specific customers.  Examples include global business networks, aircraft engines, civil airliners, power stations, off-shore oil platforms, mobile telephone systems and large civil engineering projects.  The multitechnology, multicomponent nature of CoPS poses significant implications for firms’ strategies in terms of critical ‘make or buy’ decisions (Brusoni et al, 2001).

The multitechnology, multicomponent nature provides a vantage point for researchers looking at network capabilities since firms producing CoPS do not and cannot develop in-house all the technologies relevant for product design and manufacturing and increasingly adopt outsourcing strategies.  Despite the interest of numerous scholars in networks, however, relatively little has been said and researched on the strategic features of the firms that lead CoPS networks and the typology of the capabilities that such firms develop to integrate and coordinate the work of external sources such as suppliers, research centers, and universities.  By identifying the capabilities required by systems integrator firms to manage networks relationships, the paper sets out to analyze one of the major aspects of corporate strategy in multitechnology, multicomponent settings.  A comprehensive view of corporate strategy in such settings would need to analyze (a) market positioning as compared to competitors, (b) finance, and (c) learning processes in network relationships.

The resource-based view of the firm conceives firms as collections of resource of various nature (Penrose, 1959).  The co-ordination of such resources paves the way to the development of unique organizational capabilities that in turn constitute the basis of a firm’s competitive advantage (Grant, 1996a).  Within this view, each firm has its own distinctive history and capabilities that place a boundary (small or large) around their freedom to maneuver.  The more recent theoretical conceptualization of the firm as a knowledge-based entity argued that the most important resource is knowledge (Grant, 1996b).  Firms are understood as integrators of information and knowledge whose source could be both internal and external to the firms.

The aim of this paper is to analyze the network phenomenon with a capability perspective and to provide a framework within which to analyze a firm’s network capabilities in CoPS industries.   Following the theoretical contribution by Grant (1996a, 1996b) who understood firms as integrators of in-house and external knowledge, this paper deepens and extends the work of Lorenzoni and Baden-Fuller (1995), Brusoni et al (2001) to introduce the concept of systems integrator firm as the organization that sets up the network and leads it from an organizational and technological viewpoint.  The research question this paper attempts to address is, what are the capabilities that lead firms are required to develop to manage networks?  In particular, the paper focuses on systems integration as the distinctive capability of the lead firms.  Systems integration is understood as the primary coordination mechanism that firms use to compete through the introduction of incremental and radical innovations.
The paper argues that systems integration comprises a set of different technological and organizational skills, ranging from component assembly through the understanding and integration of the technological disciplines underlying a product to project management.  The paper identifies two analytical categories of systems integration, namely synchronic and diachronic.  Synchronic systems integration refers to the capabilities required by firms to sustain competitive advantage in the short term.  Synchronic systems integration enables firms to access external resources in order to reduce
 transaction costs, development risks, time-to-market, quality defect rates, and stocks.  More specifically, synchronic systems integration refers to the capabilities required to set the product concept design, decompose it in modules, co-ordinate the network of suppliers, and then recompose the product within a given architecture.  It is argued that from a static point of view, products can be seen as ‘interlocking pieces’ and the main task of firms is to dovetail the work of suppliers to meet customer requirements.    

Diachronic systems integration refers to the capabilities that firm require to compete in the long term, since enables them to keep pace with technological developments, enhances and expands the firm’s capabilities for innovation and flexibility, and knowledge creation (through combination).  It therefore contributes to the creation of the basis of the firm’s competitive advantage.  In particular, diachronic systems integration refers to the capabilities to envisage and move progressively towards different and alternative paths of product architectures (i.e. new product families) to meet evolving customer requirements.  From a dynamic point of view, products are better conceptualized as a continuous flow of innovations deriving from different, distant and, often intertwined, technological paths.  The evolutionary dynamics of products, therefore, derives from the joint interaction of a variety of technological fields, so that the most important strategic problem facing companies resides in the need to interpret user needs and co-ordinate change across technological fields and organizational boundaries to meet them.

The paper relies on empirical evidence from a four-year field study in the aircraft engine industry (Prencipe, 2003).  The aircraft engine industry is an example of complex product systems industry as identified by Hobday (1998).  Although the paper is focused on empirical evidence from a study on a CoPS industry, the paper also makes reference to case studies in multitechnology, multicomponent industrial settings where systems integration capabilities are increasingly relevant to manage network relationships (e.g. Lorenzoni and Lipparini, 1999; Takeishi, 2002).

The paper is organized as follows.  Section 2 reviews literature on firms network.  Section 3 introduces the concept of systems integration firms and highlights their primary capabilities.  Section 4 presents the conclusions to the paper.

2.
Literature review

2.1.
Strategic networks as forms of organization

The strategic management literature has for long highlighted the importance of external sources of components and knowledge for a firm’s competitive advantage.  Empirical research in the 1960s demonstrated the vital importance of the role of external sources of scientific, technical, and market information for successful innovating firms and, therefore, of networks.  As Freeman noted “networking for innovation is an old phenomenon and networks of suppliers are as old as industrialized economies” (1991, p. 510-511).  External sources of R&D were intensively used by firms who had their own internal R&D.  Such external sources were an important ancillary and complementary source of scientific and technical information rather than a substitute for indigenous innovative activities (Freeman, 1991).

Empirical studies have underlined both quantitative changes and qualitative changes in firm’s networking activities (Mowery, 1988).  As regards quantitative changes, it was observed an extremely rapid growth of inter-firm innovative networks in several industrial sectors, and particularly in high tech ones, e.g. materials, biotechnology, and information technology (Hagedoorn and Schakenraad, 1992).  As regards qualitative changes, network relationships have shifted from one-way to two-way flow of information so that suppliers started being considered knowledge generators (e.g. Japanese firms).  Also, information technology has profoundly changed firm’s functions (e.g. design: CAD; manufacturing: robotics; marketing: computer-based inventory) as well as enabled electronic network of communications within and between firms.

According to Powell (1990), know-how development, demand for speed, and trust-based relationships are three critical components for the emergence of networks. “Economizing is obviously a relevant concern in many instances…But it alone is not a particularly robust story, it is but one of among a number of theoretically possible motives for action….The reduction of uncertainty, fast access to information, reliability, and responsiveness are among paramount concerns that motivate the participants in exchange networks” (Powell, 1990, p. 323).  
Jarillo (1988) defined strategic networks “as long-term, purposeful agreements among distinct but related for-profit organizations that allow firms in them to gain or sustain competitive advantage vis-à-vis their competitors outside the network. (...) It is a mode of co-ordination that is not based strictly on the price mechanism, or on ‘hierarchical fiat’ (Williamson, 1975, p. 101), but on coordination through adaptation (Johanson and Mattson, 1988)” (1988, p. 32).

Here we refer to productive network that is an organized group of institutions that interact to develop and/or manufacture a new product or new process.  In particular, we refer to the definition proposed by Imai and Baba (1989) according to which, a network is an organization having a core firm with both strong and weak ties with constituent members, i.e. other firms, research centers, universities, etc.  The co-operative relationships among members include joint ventures, licensing agreements, sub-contracting, R&D collaboration, which are not mutually exclusive.  Such networks relations can be both formal and informal 
and both direct and indirect.
2.2.
Systems integrator firms

Kogut (2000, p. 408) argued, “Networks also provide capabilities to coordinate behavior among firms”.
  This happens when a capable supplier base emerges or in other words when “markets learn” (Stigler, 1951).
  Following Kogut (2000) we argue that network forms of organization led by lead firms equipped with the capabilities to manage external relationships (being them direct or indirect ties) enable firms to exploit variety (typically offered by the market) and at the same time use authority to deal with and implement changes (a typical feature of hierarchies).  Network can combine the advantages of both traditional mechanisms of coordination and therefore can promote variety as well as coordination (Kogut, 2000).  “Cooperation …can also engender capabilities in the relationship itself, such that the parties develop principles of coordination that improve their joint performance…in this sense, the network is itself knowledge, not in the sense of providing access to distributed information and capabilities, but in representing a form of coordination guided by enduring principles of organization” (Kogut, 2000, p. 407).

It is important to understand therefore the strategic features of firms that lead the network.  Following Brusoni et al (2001), Miller et al (1995), Prencipe (1997, 2003), we propose the concept of systems integrator firms.  From a strategic viewpoint, systems integrator firms configure the network in terms of number, type (direct and indirect), and intensity of relationships.  They also define the specific contractual terms (formal, such as joint-ventures, alliances or informal) to be adopted in the relationships.  Burt (1992), in fact, argued that configuration of the relationships has a strong impact on the networks’ efficiency and effectiveness.  The concept of systems integrator firms finds its origin in the concept of hub firms as proposed by Jarillo (1988) and that of strategic centers as proposed by Lorenzoni and Baden-Fuller (1995).

Jarillo (1988) argued “essential to this concept of strategic network is that of ‘hub firm’, which is the firm that, in fact, sets up the network, and takes a pro-active attitude in the care of it” (1988, p. 32).  According to Jarillo (1988), hub firms through conscious actions lower transaction costs, hence the emergence of strategic networks.  In a similar vein, Gomes-Casseres contended, “co-operation … is never automatic.  The structure of the partnership must provide incentives for performance.  Without some sort of collective governance, a group [i.e. a network] risks becoming no more than a haphazard collection of alliances” (1994, p. 66).  Lorenzoni and Baden-Fuller (1995) put forward the concept of the strategic centers that create a shared vision among the members that constitute the network, develop brand power, select partners through for instance vendor rating systems, develop capabilities of partners, develop trust among the partners.  Strategic centers develop relational capabilities to manage such external relationships.
Research on networks argued that network benefits include two types (Ahuja, 2000).  First, resource sharing that enables firms to combine knowledge, skills, and physical assets.  Second, access to information spillovers in the sense that network relationships act as information conduits through which news about discoveries and failed approaches are exchanged.  Grant (1996b) contended that firm networks based on relational contracts are efficient and effective means to access knowledge in three cases (a) when knowledge is explicit; (b) when speed in acquiring knowledge is essential to achieve competitive advantage; (c) when there is not perfect overlap between the knowledge domain and product domain of firms.  This latter case is particularly relevant for the purpose of this paper.  The lack of a perfect overlap between knowledge domain and product domain has become a typical feature of an increasing number of industrial sectors, where due to the multitechnology, multicomponent nature of products firms cannot maintain in-house all the relevant knowledge bases (Brusoni et al, 2001).

To secure both resource and informational benefits, a strategic decision for systems integrator firms is to configure the networks in terms of direct and indirect ties.  While direct ties allow both resource sharing and access to information spillovers, indirect ties enable access only to information spillovers.  Resource sharing involves the combination of partners’ capabilities that in turn requires a close and continuous interaction between partners; hence, firms should develop a larger number of direct ties.  Literature on new product development underlined the advantages of early and close involvement of suppliers in the development process (Rothwell, 1992).  Car makers acting as systems integrators leverage and combine specialized resources held by suppliers and develop a competitive lead by shortening lead-time (using off-line assembled components) and cutting development costs (exploiting more efficient specialized suppliers) (Clark and Fujimoto, 1990).  Similarly, in science-driven environment such as pharmaceutical, research performance was found to be positively associated with the ability to span the boundaries of the firm (Henderson and Cockburn, 1994).

Access to new and relevant information sources constitutes the informational benefits of networks (Kogut, 2000; Powell, 1990).  “One of the key advantages of network arrangements is their ability to disseminate and interpret new information.  Networks are based on complex communication channels” (Powell, 1990, p. 325). Indirect ties provide access to the information held by the partner’s partners (Gulati and Garguilo, 1999).  They increase a firm’s catchment area in terms of relevant source of information (information-screening) and in terms of access to new sources (information-gathering) (Ahuja, 2000).  According to Burt (1992), the most efficient and effective network is the one that (a) maximizes disconnections (or structural holes) and (b) select partners with many other partners.  In other words, a high-performing network must develop many indirect ties.
  Partners have access to a large number of different information flows.  In fact, networks rich in structural holes enable access to mutually unconnected partners and to many distinct information flows.  Partners become sensing devices that enable lead firm to exploit the variety of such distinct information flows.

3.
Systems integration as co-ordination mechanism

What are the capabilities that lead firms are required to develop and maintain to sustain their competitive advantage through networking?  We zero in on these issues using the aircraft engine industry as an illustrative example (Prencipe, 2003).  This industrial setting is particularly interesting for studies on coordinative capabilities for innovating activities.  Indeed, the multitechnology, multicomponent nature of the aircraft engine product poses significant strategic implications for the firms’ in terms of make-buy decisions, given that technologies and components are too many (and increasingly so) to be mastered within the boundaries of one single organization, let alone changes in the underlying product’s technologies (Brusoni et al, 2001).  Another feature makes such setting also interesting.  Although there is a trend towards increasing modularization of the product architecture and ensuing outsourcing of production and design activities, it was highlighted that markets have not emerged as the principal coordinating mechanism of innovative activities (Brusoni and Prencipe, 2001).

We propose that firms develop systems integration capabilities to lead networks and therefore exploit and explore networks’ advantages.  While prices are the main coordinating mechanisms in markets and vertical integration mainly prevails in hierarchies, we argue that coordination in networked arrangements takes place mainly through systems integration.  The concept of systems integration proposed here is related to those of tapered integration and quasi integration discussed by Porter (1980) as intermediate type of coordination mechanisms in-between markets and hierarchies.  Porter (1980) argued that tapered integration in R&D “reduces the risk of locked-in relationships to the extent of the degree of taper.  It also gives the firm some access to outside R&D activities … tapered integration also gives the firm many of the informational benefits of integration” (p. 320).  Quasi-integration is somewhere in-between long-term contracts and full ownership (through minority equity investment, cooperative R&D, exclusive dealing agreements).  Systems integration is also akin to the concept of architectural or integrative capabilities put forward by Henderson and Cockburn (1994) and defined as “the ability to access new knowledge from outside the boundaries of the organization and the ability to integrate knowledge flexibly across disciplinary and therapeutic class boundaries within the organization” (1994, p. 66).  

3.1.
Systems integration capabilities: knowledge integration and component assembly

Systems integration firm and systems integration capabilities have long been used in the aerospace and defense literature to refer to the prime contractors of large engineering projects and their capabilities (Sapolsky, 1972; Sapolsky, this volume, Paper 2).  We rely on this literature to delve into the nature of systems integration.  Based on a definition put forward by the UK Technology Foresight Defense and Aerospace Panel, we aim to untangle the different skills underlying systems integration at the technological level.  Systems integration was defined as “The ability to understand and model the overall requirements for a major system and the interaction and performance of its many interrelated parts in an unambiguous way, accommodating the various subsystems technologies; then to design the complete systems together with its manufacturing processes and production facilities” (Office and Science Technology, 1990).

Using this definition of systems integration and with the help of two experts of the aircraft engine industry, we identified five skills underlying systems integration (Prencipe, 2003).  Table 1 reports the ranking by competitive importance of these skills based on interviews with 20 company engineers.  The emphasis is on the understanding of the underlying bodies of knowledge and ensuing system behavior, rather than on the activities of design and assembly.
  In fact, systems integration as the ability to assemble component interfaces ranks the lowest, just below the ability to design most key components of the engine.  Likewise, the ability to design most components (including key ones) is not considered a critical skill.  The skills that rank highest are those related to (a) the understanding of technological disciplines underlying the engine system and (b) the understanding of the engine system behavior in terms of its relevant parameter.  The ability to design the entire engine system receives an average ranking. 

These results point to an interesting conclusion.  Systems integration is primarily interpreted as the ability to understand and integrate the different scientific and technological disciplines underlying the aircraft engine.  Similarly, understanding the engine behavior is considered paramount for systems integration.  Therefore, the integration of the engine product is primarily seen as the integration of technological knowledge rather than the mere assembly of components.

[Table 1 about here]

Based on this, it can be argued that integration of technological knowledge and assembly of components are two distinct skills.  Research in multitechnology industrial settings highlighted that the product and its underlying technological knowledge may follow different yet related dynamics (Brusoni and Prencipe, 2001; Granstrand et al 1997).  In networked arrangements, in fact, specialized suppliers design, develop, and manufacture components, which are then integrated by systems integrators.  To effectively integrate externally developed and manufactured components, systems integrators develop and maintain systems integration capabilities to ‘compose’ what they have ‘decomposed’ (Prencipe, 1997).

The distinction between division of labor and division of knowledge from a strategic viewpoint was highlighted by Prencipe (2000) in his study of the development of control systems for aircraft engines.  He argued that the rate of change of components’ underlying technologies heavily influenced inter-organizational patterns of division of knowledge and labor.   When control systems were based on hydromechanical technologies, components were relatively standardized and the technology was relatively stable (it reached a performance ceiling soon) so that engine manufacturers delegated their design and development to external suppliers and a perfect overlap between knowledge and labor partitioning was in place.  The advent of digital electronics radically changed the pattern of inter-organizational division of labor.  Although components based on the new technology became modularized, aircraft engine manufacturers started to develop and maintained capabilities in digital electronics because of the fast moving nature of such technology.

The concept of systems integration capabilities proposed here, therefore, extends the seminal distinction put forward by Henderson and Clark (1990) between architectural and component knowledge.  In fact, the coordination and integration of knowledge advances (in new scientific and technological disciplines) requires a fine and deep level of knowledge that goes well beyond the architectural level (Prencipe, 2000).

Based on empirical studies on the packaging machine industry and the car industry, Takeishi (2002) and Lorenzoni and Lipparini (1999) respectively, reached similar conclusions in relation to systems integration capabilities.  Takeishi (2002) distinguished between division of knowledge (knowledge-partitioning) and division of operational tasks (task-partitioning).
  Drawing on an empirical study on automakers’ management of suppliers’ involvement in product development in Japan, he showed that while the actual tasks of design and manufacturing could be outsourced, automakers retain relevant knowledge to obtain better component design quality.  His results illustrated that the effective pattern of knowledge partitioning differed from the pattern of task partitioning.  The discriminator of the non-perfect overlapping between knowledge partitioning and task partitioning according to Takeishi was technological newness.  In the case of the development of new components, the automakers that performed better were those that developed and maintained both architectural and component knowledge, or, using our words systems integration capabilities.  In the case of the development of standard components, a perfect overlap between knowledge and task partitioning was in place.

The longitudinal study of the Italian packaging machine industry by Lorenzoni and Lipparini (1999) is particularly telling in relation to the emergence of the systems integrator firms.  The packaging industry has been characterized by a continuous trend of outsourcing of tasks of different nature (design, manufacturing, and assembly) to first- and second-tier suppliers.  As Lorenzoni and Lipparini (1999: 328) underlined, the boundaries of the leading firms of such network organizations have shrunk over time due to the “progressive disintegration of the manufacturing process”.  The three case studies analyzed by Lorenzoni and Lipparini, in fact, showed that all the lead firms under scrutiny increased their reliance on external suppliers.  Notwithstanding this increasing reliance on external resources, Lorenzoni and Lipparini found that “rather than using external ties as a substitute for capabilities which a firm has not yet developed, firms use collaborations to expand and improve their core competencies” (1999: 334).  The complementarities of capabilities across firms pointed out that no strict division of knowledge amongst firms themselves occurred and that in network-like forms of industrial organization the role of lead firms that act as integrators of external specialized sources of components and knowledge for innovations, without being vertically integrated, is paramount.
To sum up, systems integrator firms outsource detailed design and manufacturing to specialized suppliers while developing and maintaining in-house systems integration capabilities to coordinate the work of suppliers.  Their in-house knowledge bases stretches beyond their production activities: “firms know more than they need for what they make” (Brusoni et al 2001, 620).  Systems integrators’ knowledge bases are augmented through the direct and indirect networks relationships.  Direct ties are means whereby systems integrators combine their resources with their partners and tap in their technology bases.  Indirect ties enable systems integrators to benefits from information spillovers of partners’ partners.  Systems integration capabilities are required for short-term competitive advantage where systems integrators orchestrate the network of suppliers to exploit an existing set of networks relationships (within an existing product architecture).  Systems integration capabilities are also required for long-term competitive advantage when systems integrators coordinate and integrate knowledge advances and innovative developments from outside sources and therefore explore new configuration of networks relationships to introduce innovative solutions to meet customers demand.  Systems integrator firms therefore pursue both exploitation and exploration activities.  This is discussed in the next section.

3.2.
The two dimensions of systems integration: synchronic vs. diachronic

The analytical framework proposed here revolves around two key dimensions of systems integration, namely synchronic and diachronic.  Synchronic systems integration refers to the range of in-house capabilities of firms required to set the product concept design, decompose it, orchestrate the work of several companies, and then re-compose the product within an existing architecture.  Strictly speaking, this dimension relates to the firms’ capabilities within a new product development program.  Diachronic systems integration refers to firms’ capabilities to introduce incremental (e.g. a new product family) and radical innovations at the architectural level to meet changing customer and regulatory requirements.  In this respect, diachronic systems integration refers to the capabilities to co-ordinate changes across different technological fields and organizational boundaries.  Although analytically distinct, the synchronic and diachronic dimensions of systems integration clearly overlap in practice.  For ease of exposition, the following two sections discuss them separately.

The synchronic dimension

The interpretation of systems integration as synchronic capability finds its historical antecedent in the study of the Polaris System Development carried out by Sapolsky (1972).  The title of Paper 5 of Sapolsky’s book is The Synchronization of Progress in Several Technologies.  Sapolsky argued that the primary objective of the Polaris project was the construction of a submarine system rather than advancement of its underlying technologies.  In his words, “The deployment of the Polaris submarines required the synchronized development of a dozen different technologies….To build a system that involved interdependent progress in a dozen technologies was, however, unprecedented” (p. 137, emphasis added).  He then went on to explain

“[T]he product of the development, the early deployment of the FBM [Fleet Ballistic Missile] submarine, was a greater and more uncertain achievement than the sum of its parts would lead one to believe.  It was the synergistic effort or the tying together of progress in diverse technologies on a compressed schedule that was both the challenge and the breakthrough in the FBM Program and not the progress in any of its component elements” (p. 138).

Drawing on Sapolsky’s work, synchronic systems integration refers to the technological capabilities required to co-ordinate the development of a new product within a predefined time period and financial budget.  Synchronic systems integration also refers to the capabilities to exploit the potential of existing product architecture to develop new product versions (usually called ‘derivatives’) to cater for different customer requirements.  Within a product family, firms introduce incremental and radical technological innovations at the component level to adapt and improve the performance of the existing architecture.

From a technological viewpoint, synchronic systems integration relates to firms’ capabilities to set the concept design, decompose it into subsystems and components, and delegate design and manufacturing tasks to suppliers.  Within a new product development program, the product decomposition process requires the definition of the interfaces between components and subsystems.  This definition process is also called systems engineering (Fine and Whitney, 1996).  “Systems engineering is a product realization process best exemplified in the aerospace industry, where its top-down process is called requirements flow-down.  The process conceives the product as a series of levels, with lower levels defined in more detail or containing subsidiary components, subsystems, or single parts.” (p. 11).  Systems engineering is a capability per se since it involves the identification of design compromise among subsystems, analysis of subsystems, and supervision of system testing (Sapolsky, 1972).

As found in the aircraft engine industry, after decomposing the product, engine manufacturers synchronize their work with that of suppliers and customers in order to assure the overall consistency of the system performance and to comply with the rules of the certification authorities (Prencipe, 2003).  Synchronic systems integration should be seen as a two-way process.  As explained by one of the company engineers interviewed “Systems integration is a top-down process where engine makers model the engine, define the total systems requirements, and break it down into components.  Systems integration is also a bottom-up process where engine makers must be able to recompose what they have decomposed.  Engine makers must be competent in both legs”.  Within a new engine development program, engine manufacturers rely on state-of-the-art component technologies and a defined engine architecture.  As explained elsewhere, engine manufacturers make extensive use of technology acquisition and demonstrator programs in order to acquire and prove new technologies to minimize risks, and cost and time overrun of development programs (Prencipe, 2003).

Within a product family, synchronic systems integration refers to the capabilities to refine, adapt, and optimize (‘stretch’) existing architectures through the development of ‘derivative’ engines in order to cater for different thrust requirements.  The capability of manufacturers to ‘stretch’ architectures to develop ‘derivative’ product is a function of the degree of modularity of the architecture itself.  Modularity enables manufacturers to use common cores to target different niche markets.  It also allows manufacturers to considerably improve performance of existing architectures trough the introduction of incremental and radical technological innovations at the component level.  The introduction of new technologies into existing product architectures comes under the name of ‘retrofitting’.

From an organizational viewpoint, synchronic systems integration refers to the capabilities required to manage inter-organizational communication processes, to promote a shared vision amongst partners, and create a network identity.  Dyer and Nobeoka (2000) provided an interesting and detailed study on the network-level processes developed by Toyota to manage a production network.  The aim of these processes is to create a network identity, “creating a ‘identity’ for a collective (e.g. firm, network) means that the individual members felt a shared sense of purpose with the collective” (2000, p. 352) whereby inter-organizational communication is improved and more importantly, tacit and explicit rules of co-ordination are established (Kogut and Zander, 1996).  These processes include a supplier association to promote mutual friendship and the exchange of technical information; Toyota’s operations management consulting division for knowledge acquisition, storage and diffusion within the network); voluntary small group learning teams; an inter-firm job rotation program.  It should be noted that Toyota invested in these processes to develop such a network.  This is consistent with Jarillo (1988) who argued that in a network form of organization, trust-building mechanisms should be in place to render such an organization efficient.  Jarillo in particular, contended that the principal (i.e. Toyota in this case) should take on some of the risk of the relationship, for instance a part of the cost of a specific asset.

3.4.
The diachronic dimension

Diachronic systems integration identifies a continuum of technological capabilities ranging from the introduction of incremental architectural innovations to the introduction of fundamentally new product architectures.  In the case of the aircraft engine industry, an incremental architectural innovation is best exemplified by the introduction of a new engine family that meets unprecedented thrust requirements.  For instance, the introduction of the Trent engine to meet the thrust requirements of the Boeing 777 represented a step change for the technological capabilities of Rolls-Royce.  The Trent develops twice as much power as the previous RB211 engine (Prencipe, 2003).

Diachronic systems integration relates also to more fundamental changes.  Drawing again from the aircraft engine industry study, the best example is probably the Rolls-Royce three-shaft engine configuration that in the early 1970s represented a major step change for the company’s technological capabilities.  Other examples of radically new engine configurations are under study by engine manufacturers, such as the geared-fan engine (probably the future architecture for Pratt & Whitney new engine families), the aft-fan and prop-fan engines, and the all-electric engine (under study by Rolls-Royce).  In this respect, diachronic systems integration is better understood as a risk-bearing attitude to search and explore alternative paths of product configurations.  The introduction of radically new configurations requires major co-ordination efforts between engine manufacturers, airframers, airlines, and certification authorities.

In this respect, diachronic systems integration refers to the capability to co-ordinate the development of new and emerging bodies of technological knowledge. These capabilities must be developed for the co-ordination of change across (a) different bodies of technological knowledge, since different bodies of technological knowledge relevant to production may be characterized by uneven rates of advance; and (b) different 
organizational boundaries, firms cannot master in-house all the relevant scientific and technological fields. The management of the relationships with and co-ordination of external sources of technologies, such as universities, research laboratories, and suppliers, becomes therefore a central task for multitechnology firms.


The synchronic and diachronic dimensions of systems integration stem from existing concepts in the literature.  Bell and Pavitt (1993) distinguish between production capacity and technological capabilities.  The former relates to “the resources used to produce industrial goods at given levels of efficiency and given input combinations” (p. 163).  The latter are firms’ or countries’ change-generating capabilities or “the resources needed to generate and manage technological change, including skills, knowledge and experience, and institutional structures and linkages” (p. 163).  Similarly, the diachronic dimension proposed here is highly germane to the concept of dynamic capability put forward by Teece and Pisano (1994).

4.
Conclusions

The discussion carried out in this paper has extended the research on network organizational forms focusing on the capabilities required by lead firms to lead and coordinate networks.  

Based on empirical evidence in the aircraft engine industry as an example of multitechnology, multicomponent settings, this paper has deepened and discussed the concept of systems integration as a co-ordination mechanism of economic activities in-between markets and hierarchies.  Firms to compete successfully (should) develop and maintain systems integration capabilities in order to manage the integration of new components and new technological knowledge developed either in-house or externally.  Change, and in particular technological change, can be identified, managed, and integrated via systems integration and does not necessarily require firms to be vertically integrated as extant literature on make-buy decisions argued.  Specifically, the paper introduced two analytical categories of systems integration, synchronic and diachronic.  Synchronic systems integration refers to the capabilities required to compete in the short run and specifically to set the product concept design, decompose it in modules, co-ordinate the network of suppliers, and then recompose the product within a given product architecture.  Therefore synchronic systems integration refers to the exploitation of the potential of a given product architecture to meet customer demands.  Diachronic systems integration refers to the capabilities required to compete in the long run and specifically to envisage and move progressively towards different and alternative paths of product architectures to meet evolving customer requirements through the co-ordination of change across technological fields and organizational boundaries.  Diachronic systems integration relates to the search for and experimentation of new product architectures, and therefore, it refers to the exploration of different and alternative paths of product configurations.

March (1990) argued that firms specialize either in exploitative or explorative activities.  The systems integration perspective taken in this paper has deepened this argument to contend that systems integrator firms are required to pursue both types of activities simultaneously.  Firms pursue exploitative activities to extract the most out of the technological trajectory underling existing product architectures, also through the introduction of innovative technologies that can be added on.  Within this, they entertain subcontracting relationships with suppliers to cut down on cost and improve quality to reduce time to market.  Systems integrators also carry out explorative activities to envisage new paths of product architectures.  

The paper has also highlighted a number of issues that would require more research attention.  The explorative dimension of systems integration points to a systems integration perspective on university – industry relationships focusing on the organization and management of such relationships.  Also, the co-coordinating and incentive mechanisms put in place by firms and national (and supra-national) governments to align research efforts constitute a key issue to be researched upon.

The paper also points to a reframing to understand the impact of modularity on organization forms and firms’ capabilities.  It is safe to say that modularity is a powerful design strategy as far as products are concerned.  As regards the applications of the principles of modularity to organizational design and knowledge management, then some heavy assumptions (or discounts) to the definition of modularity must be made.  Whether the product architecture shapes organization architecture and its underlying knowledge basis as argued by modularity advocates, is hard to say if we take into account that changes may occur and entail heavy reconfiguration of the product and more importantly the organization architecture and its knowledge basis.

Modularity, however, does have its bearing across different levels of analysis in some special cases.  As argued by Brusoni et al (2001) in their contingent explanation of the appropriate organizational arrangements to manage change, modularity is a pervasive design strategy in some particular industries, such as the computer industry.  Modular networks of production are the appropriate organizational arrangements in situations where products are characterized by even rates of change among component technologies and predictable interdependencies at the product level.  Such modular networks are coordinated via arms-length market relationships as it happens, for instance, in the Personal Computers (PCs) industry (Langlois and Robertson, 1992; Baldwin and Clark, 2000). A modular architecture, built around standardized interfaces, would enable a process of progressive specialization of R&D, production and marketing activities in such a way that each component (e.g. disk drive, microprocessor, operating system, application software) would define the boundary of a firm whose relationships with the others would be mediated via decentralized market transactions.

Besides modular organizational forms, Brusoni et al (2001) also discussed vertically integrated and network forms.  These organizational forms are characterized by other distinct inter-firm co-ordination mechanisms, vertical integration and systems integration, respectively.  Products characterized by both component technologies changing at uneven rates and by unpredictable interdependencies across components require large, integrated firms maintain in-house both the knowledge and the activities involved in the design and production of their final products and component units: co-ordination is achieved via vertical integration.  This situation fits the case of the telecommunication equipment industry (Davies, 1999).  Network organizations are appropriate structures when multitechnology products are characterized either by uneven rates of advance in underlying technologies and predictable product interdependencies (Chesbrough and Kusunoki, 2001), or by even rates of advance in underlying technologies and unpredictable product interdependencies (Sako, 2003).  The co-ordination mechanism in the network organization is systems integration.

Finally, the paper raises the issue of training of engineers of systems integrating organizations.  Successful systems integrating organizations have trained their engineers through their direct involvement in manufacturing activities.  More recently, organizations have started offshoring manufacturing activities to low-cost countries.  This entails that newly appointed systems engineers have not been exposed to hands-on training in design and / or manufacturing activities.  This may cause the undesirable result that newly appointed engineers may well not be able – or at least find it more difficult – to develop systems skills needed to fully understand the large-scale consequences of seemingly minor problems.  If organizations plan to act as integrators of somebody else’s knowledge, activities, components, and sub-systems, and therefore make use of extensive outsourcing policies, then they ought to face the issue of developing and maintaining the in-house systems knowledge required to coordinate external organizations’ activities as well as align changes across the product, organization, and knowledge domains.  Hands-on training and career paths become therefore strategic issues in order to develop such knowledge.  The chief task of systems integrating organizations is in fact to act as catalysts of change between the evolution of bodies of scientific and technological knowledge on which they rely and the evolution of artifacts that ultimately determine their survival.
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	Table 1.  Systems integration: underlying skills (Source: author’s elaboration on interview data)

	Understanding of underlying technological disciplines and therefore ability to integrate them

	Technological understanding of the entire system behavior in terms of relevant parameters

	Ability to design the entire system

	Ability to design most key components of the system

	Ability to assemble components interface








� Davies (this volume, Paper 16) analysed both market positioning and financial issues of systems integrator firms.


� Though Freeman noted “networking of various kinds was a normal features of the industrial and regional landscapes long before the advent of modern information technology” (1991, p. 510-511).


� Kogut (2000) argued that the structure of the network may depend on the specific characteristics of the industry’s technologies underlying or on specific institutional factors at work in a particular context (e.g. Italian industrial districts).  Accordingly, science-driven industries lend themselves better to networking (between firms and research centers) as opposed to mass-production production technologies.


� The concept of capable supplier is also explored by Steinmueller (this volume, Paper 8).


� “Structural holes are gaps in information flows between alters linked to the same ego but not linked to each other” (Ahuja, 2000, p. 431).


� This result the distinction proposed by Fine and Whitney (1996) between dependency for capacity and dependency for knowledge.  In the case of dependency for capacity, the firm can make the item, but chooses to extend its capacity by means of a supplier.  In the case of dependency for knowledge, the firm does not have the skill to make the item, and therefore neither does it understand what is buying nor how to integrate it.  Fine and Whitney emphasized that firms dependent for capacity but not for knowledge could live with outsourcing without substantial risks.


� Liker et al (1996) in their comparison of Japanese and US supplier involvement in automotive component design found that Japanese automakers are less dependent on suppliers for product development knowledge than US ones.  Their study revealed that US automakers are not able to easily replicate a much higher percentage (63% vs. 39.1%) of development effort than their Japanese counterparts.


� Sapolsky (1972: 86) distinguished between systems engineering (“the identification of explicit trade-offs between component values of a system”), general systems engineering (“the integration of alternative combination of system values into coherent system design proposals”), and technical direction (“choice among alternative system design proposals in terms of some objective or subjective preference function”).


� Besides coordination, systems integration can also be analyzed in terms of negotiation and suppliers base memory (Steinmueller, this volume, Paper 8).
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