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At its heart, the mirroring hypothesis seeks to examine the extent of an architectural mapping between firms’ strategic choices of product architecture and firm architecture – within-firm mirroring - and between firms’ architectural choices and industry structures – across-firm mirroring. In a recent literature review, Colfer & Baldwin (2010) found broad support but notable exceptions[footnoteRef:1], leading to calls for a more nuanced view. Some initial work has occurred primarily in the air-conditioning and motor vehicle industries. Furlan, Cabiguso & Camuffo (2014) examine the across-firm mirroring hypothesis in the air-conditioning industry, and find that the ‘mirror’ becomes misted by high rates of component change, and in a study of the motor vehicle industry, Zirpoli, Cabigiuso & Camuffo (2013) suggest that the mirroring hypothesis may become misted as firms seek to integrate external sources of innovation into complex product development. [1:  Colfer and Baldwin (2010) found uniform support for the within-firm mirroring hypothesis in 68% of studies, but 77% supportive when partial or mixed results were incorporated. Similarly, the across-firm mirroring hypothesis found uniform support in 47% of studies, but 74% when partial or mixed results were incorporated.
] 


Most importantly, we recognise that the mirroring hypothesis may be observed at numerous levels e.g. product to firm, component to task boundaries, task to knowledge boundaries and knowledge to firm boundaries. The rate of component change and the degree of complexity as two previously identified conditions under which the mirror may become misted will impact different potential mirroring relationships in different ways. In essence, we show how factors at both the product architecture and the underlying product component level may influence the degree of mirroring and misting, thereby potentially going some of the way to understanding why Colfer and Baldwin (2010) observed inconsistent results.



TYPOLOGY OF PRODUCT ARCHITECTURES

The integrated - modular continuum
Modularity theory is based upon the notion of the decomposability of a system into subsystems or components (Alexander, 1964; Simon, 1962) so that its interdependence is reduced. The degree of independence/interdependence depends upon the extent to which a change in the design of one component requires design changes in other components. Integrated product architectures usually incorporate components that are interdependent, and connect together via closed interfaces. On the other hand, modular product architectures exhibit greater interdependence within product components than across different product components (Ulrich, 1995) so that design changes to one component require little or no modification to other components, so long as there is adherence to a specified interface. 
The open and closed continuum 
Product architectures may also be conceptualised as being either open or closed (Sanchez, 2008; Shibata, Kodama & Yano, 2005). A perfectly closed architecture is one that is proprietary and a firm may protect component technologies and interface specifications (Sanchez, et al,. 2013). Not all closed product architectures are integrated, however. Firms with closed and modular designs may be able to develop modular components and interface specifications via their own firm-specific capabilities, but it is also a decision to forego network externalities (Sanchez, 2008) and the option value of seeking the best quality or lowest cost components (Baldwin and Clark, 2000). In contrast, an open architecture is one whose interface specifications are open and standard, and firms interested in developing components or complementary goods can often ‘plug and play’. 


However, many product architectures (at the component level) are often a blend of both modular and integrated components, as well as a blend of both specialised and industry standards. To account for ‘non-perfect’ product architectures, West (2003; 2007) clarified that many architectures can be described as ‘hybrid’ because products, as complex systems, are made up of multiple components, and can often be opened up one product component at a time (Boudreau, 2010). 

>>>insert figure 1 about here<<<

We now turn our attention to the idea of mirroring. 

Mirroring or misting 

In terms of integrated product designs, the basic logic is that there is unlikely to be a clear partitioning of component, task and knowledge boundaries and, as such, high-levels of information-sharing are necessarily required to progress its design and development. Whereas, in the case of modular product designs, the basic logic suggests that a clear partition of component, task and knowledge boundaries is possible and, as such, high-levels of information-hiding between product component teams (ie low levels of information-sharing) are possible. 






Nuancing the mirroring hypothesis – product complexity and the rate of product component change

Modularity is often associated with partitioning knowledge boundaries so that they match component and task boundaries (Sanchez & Mahoney, 1996), however scholars have challenged the assumption that component and task partitioning is a good map for the division of knowledge (for example, Brusoni, Prencipe & Pavitt, 2001; Zirpoli & Camuffo, 2009). The degree to which a product architecture can be classified as ‘complex’ is a key driver in deciding between design modes based upon knowledge integration versus knowledge partitioning. Dynamic component level change, even in modular architectural settings, may also hinder the possibilities for designers to pursue modular innovation as fast technological changes limit the partitioning of components and associated task and knowledge boundaries (Langlois, 2002). 

PROPOSITIONS

Degree of mirroring in closed and integrated architectures
Sanchez & Mahoney (1996:65) were one of the first scholars to formalise within-firm mirroring and asserted that “…processes for developing tightly-coupled component designs require intensive managerial co-ordination, since the change in the design of one component is likely to require extensive compensating changes in the designs of many inter-related components. Thus, product designs composed of tightly-coupled components will generally require development processes carried out in a tightly-coupled organisation structure coordinated by a managerial authority hierarchy, an organisation design typically achieved within a single firm”. As such, the usual logic is that closed and integrated product architectures are associated with vertical integration. The presence of highly interdependent components is likely to severely limit the partitioning of task and knowledge boundaries and, as such, firms are likely to rely on face-to-face information-sharing, close geographical proximity or co-location and formal managerial authority to coordinate highly interdependent product development activities. Thus:  

P1: Closed and integrated product architectures are positively associated with component, task and knowledge integration and with high levels of information-sharing between product developers within firm boundaries

Degree of mirroring in closed and modular architectures

The specification of modular components and specialised interfaces within a significantly closed architecture may over time begin to supplant existing interdependencies, taking seed where increased component mixing and matching or speed to market may offer a firm competitive advantage. Considering now the architectural relationships, where the closed and modular product architecture can be characterised as simple, a firm will often possess a broad scope of architectural and component level knowledge in order to scope ex-ante component boundaries and specialised interfaces leading to ex-post information-sharing being minimised. However, if the product architecture is complex, there is often a need for actors to maintain high levels of ex-post information-sharing, even where the components are stable. As product complexity affects how a component interacts with other components, increasing complexity raises the potential for unforeseen design and system integration problems across the architecture limiting the potential for knowledge partitioning.  

The architectural mirror may often be influenced by the rate of underlying component change[footnoteRef:2] (Fulan, et al., 2014). Where the modular components within a simple product architecture are stable ex-post, the need for rich ex-post information-sharing between component development teams within firm boundaries is often reduced. As a consequence, a firm is often likely to begin to redesign itself into quasi-independent structures under one corporate umbrella (Baldwin & Clark, 2003). However, where the components are fast-changing, either as part of a complex or simple product architecture, ex-ante investments will often be required to understand how the technological changes affect other components. Therefore, where a component is subject to technological change, frequent ex ante and ex-post information-sharing may often be required in order to coordinate integration.  Thus: [2:  Furlan, Cabigiosu and Camuffo (2014) suggest that the rate of product component change may influence the architectural mapping between product and firm in the case of buyer-supplier relationships. We see no reason to extend this reasoning to closed and modular product architectures developed within the boundaries of a single firm.] 


P2a: Closed and modular product architectures are positively associated with component and task partitioning between product developers within firm boundaries

P2b: Closed and modular product architectures are positively associated with task and knowledge partitioning and with low-levels of information-sharing between component developers only when product architectures are simple and component technologies are stable 

Degree of mirroring in hybrid modular architectures

The re-architecting of the focal firm into quasi-independent units that function based on internal shadow prices may propel a firm to consider market exchange. Assuming an intermediate market exists, it makes sense for these firms to seek gains from trade in those components that are not central to the product’s competitive positioning in the market. This splitting of a product into sets of components (or sub-sets of the product architecture) where some are open and modular, others are closed (or at least restricted to limited collaborators) but modular and others that are closed and integrated was observed in the second generation mobile phones of select manufacturers (Galvin & Rice, 2008). Where a firm decides to open up (parts of) its product architecture, the usual logic then is that contracting firms in a value chain will often recognise the benefits of making ex-ante investments in modularisation. Product complexity and a fast rate of underlying product component change is likely to, however, affect the basis of contracting relationships with external firms and “require more complex inter-firm devices (and hence more information-sharing)” (Furlan, et al., 2014: 791). Therefore, as we have noted before, where a product architecture is complex frequent ex-post information-sharing may often be required in order to coordinate the integration of both insourced and outsourced product components into the overall architecture (see for example, Lau & Yam, 2005; Furlan, et al., 2014). 

Brusoni, et al., (2001) were one of the first to examine the relationship between modularity and technology. They argue that when components are stable, firms often outsource components. However, when components technologically evolve at uneven rates, there is the potential for technical imbalances which often requires a cognitive overlap (Furlan, et al., 2014) in order to control or exploit them. A cognitive overlap can either be achieved through either keeping some components within firm boundaries or through remaining engaged in thick collaborative relationships with external firms. Where fast-changing components are outsourced, firms need to develop collaborative relationships with external firms in order to absorb component-specific knowledge, even when the component is modular. In sum, in intermediate or hybrid product architectures, modularity does not mitigate the need for high levels of ex-post information-sharing, as such architectures often tend to be either complex or subject to fast rates of product component change. Thus, 

P3a: Hybrid product architectures are positively associated with component and task partitioning between product developers within and across-firm boundaries 

P3b: Hybrid product architectures are negatively associated with task and knowledge partitioning and with low-levels of information-sharing between product developers within and across firm boundaries  

Degree of mirroring in open and modular product architectures

As further components are outsourced to external firms, a product architecture can often be characterised as open and modular. As we have noted, where the product architecture can be characterised as simple and where underlying product components are stable, contracting firms invest ex-ante in high levels of information-sharing in order to define component boundaries and standard interfaces, and then may switch to a low level of ex-post information-sharing. However, in complex architectures, or with fast rates of component change, firms often rely on rich information-sharing – even if simply through a systems integrator – in order to orchestrate a diverse range of component technologies across a number of external firms thus the knowledge is not partitioned to mirror the task and component architecture.  Nevertheless, at the task level, as was discussed in respect of closed and modular architectures, the task boundaries may correspond with the product architecture, for as seen in the case of systems integrators, firms may enable “specialisation in the production domain while remaining integrated in the knowledge domain” (Brusoni, et al., 2001: 609).

Stated formally: 

P4a: Open and modular product architectures are positively associated with component and task partitioning between product developers across firm boundaries 

P4a: Open and modular product architectures are positively associated with task and knowledge partitioning and with low levels of ex-post information-sharing between product developers across firm boundaries,  only when product architectures are simple and where component technologies are stable
CONCLUDING REMARKS

We hypothesised that the extent of mirroring or misting across different architectural levels is contingent upon the type of product architecture, its degree of complexity and the rate of component change such that the correspondence between all architectural levels is only likely to be witnessed where the stylised product architecture type can be characterised as simple and where the underlying product components are stable. However, where a stylised product architecture is characterised as complex, we suggest that firms may not resort to knowledge partitioning and low levels of ex-post information-sharing between product developers, either within or across firms as there will be a need to effectively orchestrate the integration of diverse components, access external sources of knowledge and manage unforeseen integrative consequences as they arise. As such, we propose that even where components are modular and stable, high levels of ex-post information-sharing tend to be required to ensure effective integration into complex product architectures. We therefore suggest that our proposed model helps reconcile some of the existing mixed evidence. 
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FIGURE 1
Product architecture typology

	Closed and integrated
	Closed and modular
	Hybrid
	Open and modular

	A proprietary architecture with a high number of integrated components and low number of specified interfaces
Example: Performance-enhanced engines
	A proprietary architecture with many independent components and high number of specialised interfaces
Example: Power tools
	A proprietary architecture with a blend of component types and a mix of specialised and industry standard interfaces
Example: Motor vehicles
	A non-proprietary architecture with a high number of independent components and a high number of industry standard interfaces
Example: Hi-fi systems
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