
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Understanding product innovation using Complex Systems Theory.

Frenken, K.

Publication date
2001
Document Version
Final published version

Link to publication

Citation for published version (APA):
Frenken, K. (2001). Understanding product innovation using Complex Systems Theory.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/understanding-product-innovation-using-complex-systems-theory(57778c2e-f813-4ee7-9063-1a318ef23789).html


Koenn Frenken 

Understandingg Product Innovation 
usingg Complex Systems Theory 



Understandingg Product Innovation using Complex Systems Theory 

Koenn Frenken 

AcademicAcademic Thesis 

UniversityUniversity of Amsterdam 

2001 2001 





Understandingg Product Innovation using Complex Systems Theory 

ACADEMISCHH PROEFSCHRIFT 

Terr verkrijging van de graad van doctor 

aann de Universiteit van Amsterdam 

opp gezag van de Rector Magnificus 

prof.. dr. J.J.M. Franse 

tenn overstaan van een door het college voor promoties ingestelde 

commissie,, in het openbaar te verdedigen in de Aula der Universiteit 

opp woensdag 7 november 2001, te 12.00 uur 

door r 

KOENN FRENKEN 

geborenn te Vleuten - De Meern 



Promotor:: prof. dr. S.S. Blume 

Co-promotor:: dr. L.A. Leydesdorff 

Faculteit:: Faculteit der Maatschappij- en Gedragswetenschappen 

ISBNN 90-6464-058-0 



Acknowledgements s 

Duringg the years that I have worked on my thesis, I have had the opportunity to meet and 
discusss with many scholars in Europe and the rest of the world. I would like to thank Edmar 
Almeida,, Lee Altenberg, Esben Andersen, Peter van den Besselaar, Stuart Blume, Henry 
Etzkowitz,, John Grin, Linda Kamp, Steven Klepper, Cooper Langford, Alessandro Nuvolari, 
Lionell  Nesta, Andreas Pyka, Shyama Ramani, Alban Richard, Stéphane Robin, Jerry 
Silverberg,, and Paul Windrum for discussions, help, and advise. 

Peterr Nijsen in Amsterdam and Elena Francorsi in Grenoble have been of great help 
inn the collection of data, for which I owe them many thanks. Michel Tfommetter and 
Stéphanee Lemarié in Grenoble have been very kind to provide me computational support and 
importantt feedback on empirical results. During visits to Trento and Aalborg, simulations 
havee been developed in collaboration with Luigi Marengo and Marco Valente. At the final 
stagee of the thesis, I benefited from comments by Paul David, which have improved a 
numberr of important arguments. I thank Stéphane Robin for assisting me in writing the 
Frenchh summary. 

II  would like to thank all my former colleagues at the Department of Science and 
TechnologyTechnology Dynamics at the University of Amsterdam and at the Unite Sociologie et 
EconomieEconomie de la Recherche Développement, part of the French national institute for 
agronomicc research (I.N.R.A.) and part of the University of Grenoble. Finally, I would like to 
thankk my former colleagues at the Department of Innovation Studies at the University of 
Utrechtt for providing me the time to finish the thesis. 

Speciall  thanks to my supervisors Loet Leydesdorff at the University of Amsterdam 
andd Paolo Saviotti at the University of Grenoble who put faith in me from the very beginning, 
andd who were always available for intellectual help, motivational support, and administrative 
obligations. . 

Thee grants of the European Commission (TMR-grant ERB4001GT961736) and the 
Universityy of Grenoble (Europole-grant) are gratefully acknowledged. 

Amsterdam,, September 2001 

Koenn Frenken 





Listt of original publications 

Partss of Chapter 2 have been published as: 

Frenken,, K., Marengo, L., Valente, M. (1999) 'Interdependenties, near-decomposability and 
adaptation',, pp. 145-165 in: Brenner, Thomas (ed.) Computational Techniques for Modelling 
LearningLearning in Economics (Boston etc.: Kluwer). 

Partss of Chapter 3 wil l be published in: 

Frenken,, K. (2001) 'Fitness landscapes, heuristics and technological paradigms: a critique on 
randomm search models in evolutionary economics', in: Dubois, Daniel (ed.) Computing 
AnticipatoryAnticipatory Systems. Institute of American Physics Proceedings (Woodbury, NY: American 
Institutee of Physics), forthcoming. 

ChapterChapter 6 has been published as: 

Frenken,, K., Saviotti, P.P., Trommetter, M. (1999) 'Variety and niche creation in aircraft, 
helicopters,, motorcycles and microcomputers', Research Policy 28, pp. 469-488. 

ChapterChapter 7 has been published as: 

Frenken,, K., Leydesdorff, L. (2000) 'Scaling trajectories in civil aircraft (1913-1997)', 
ResearchResearch Policy 29, pp. 331-348. 

ChapterChapter 8 has been published as: 

Frenken,, K. (2000) 'A complexity approach to innovation networks. The case of the aircraft 
industryy (1909-1997)', Research Policy 29, pp. 257-272. 





Tablee of contents 

IntroductionIntroduction 11 

PARTT I FORMAL MODEL S AND APPRECIATIV E THEORISIN G 

1.. Understanding technological evolution 15 
1.11 Evolutionary models of technological development 
1.22 Appreciative theories of technological development 
1.33 Toward a complex systems approach 

PARTT II  INNOVATIO N IN COMPLEX SYSTEMS 

2.. Complexity and decomposabitity of technological systems 
2.11 Kauffman's NK-model 
2.22 Design space search on fitness landscapes 
2.33 Complexity, decomposability, and satisficing 
2.44 Summary 

3.. A generalised model of product innovation in complex systems 
3.11 Altenberg's generalised NK-model 
3.22 Function space search on fitness landscapes 
3.33 A formalisation of Henderson and Clark's classification of innovations 
3.44 Summary 

4.. Patterns in product innovation over  the product life-cycle 
4.11 A review of empirical studies on the product life-cycle 
4.22 Economies of scale and economies of scope 
4.33 The pleiotropy-principle: core and periphery in dominant designs 
4.44 Summary 

PARTT II I  EMPIRICA L STUDIES OF TECHNOLOGICA L DEVELOPMEN T 

5.. Entropy statistics as a framework to analyse technological evolution 137 
5.11 Entropy statistics 
5.22 Empirical analysis of aircraft and helicopter evolution 
5.33 Introduction to Chapter 6, Chapter 7, and Chapter 8 

51 1 

85 5 

111 1 



6.. Variety and niche creation 171 
6.11 Introduction 
6.22 On the concept of variety 
6.33 Variety measures 
6.44 Application and results 
6.55 Niche theory 
6.66 Summary and conclusions 

7.. Scaling trajectories 193 
7.11 Introduction 
7.22 Methods 
7.33 A stylised history of civil aircraft 
7.44 Critical transition at the firm level 
7.55 Diffusion and convergence at the industry level 
7.66 Distinguishing types of innovation 
7.77 Comparison with designs for helicopters 
7.88 Reconstruction of firm strategies 
7.99 Concluding remarks 

8.. A complexity approach to innovation networks 213 
8.11 Introduction 
8.22 Evolutionary concepts of innovation 
8.33 A complexity approach to innovation networks 
8.44 Methods and materials 
8.55 Results 
8.66 Transnational networks: an emerging regime? 
8.77 Summary 

PARTT IV CONCLUSION 

9.. Summary, conclusions, and further  research questions 233 
9.11 Contributions of the study 
9.22 Summary 
9.33 Conclusions 
9.44 Further research questions I: applications of the generalised NK-model 
9.55 Further research questions II : variety and economic development 
9.66 Final remark 

BibliographyBibliography 267 

AppendixAppendix I: Routine to calculate cover size 285 
AppendixAppendix II:  Element-function matrices 287 

AbstractAbstract in French 
AbstractAbstract in Dutch 

289 289 
319 319 



Introductio n n 

AA large number of recent contributions to the analysis of technological development are 
influencedd by the work of Joseph Schumpeter (1934,1942). In his analysis of the workings of 
capitalistt economies he puts the emphasis on innovation as the driving force behind economic 
growthh and development. The Schumpeterian conception of economic development marks a 
Copernicann turn compared to neoclassical economics (Andersen 1994). Schumpeterian 
economistss consider the economy as an evolving system that continuously transforms itself 
throughh the generation of innovations, while neoclassical economists consider the economy 
ass a system that adapts to innovations as exogenous events. The Schumpeterian emphasis on 
innovationn is the key element in an approach that has become more widely known as 
"evolutionaryy economics" (David 1975 ; Nelson and Winter 1982 ; Winter 1984 ; Dosi et al. 
19888 ; Silverberg etal 1988 ; Andersen 1994). 

Schumpeterr (1934) distinguished between different types of innovations, including 
changess in production processes, in products, and in organisations. While the topic of process 
innovationn has been always central in economic modelling, and the topic of organisational 
changee in management science, relatively few theories have focused on product innovation 
hitherto.. This study is about theorising, modelling, and measuring product evolution in an 
evolutionaryy framework. 

Understandingg product innovation is important for economists and students of 
technologyy studies for several reasons. The first reason is theoretical: process innovation and 
productt innovation cannot always be disentangled. The understanding of process innovation 
wil ll  require insight in product innovation in capital equipment and intermediate inputs 
(Nelsonn and Winter 1977). The second reason is concerned with the effects of product 
innovationn on welfare. As product innovations lead to an increasing variety and performance 
off  products and services, these innovations contribute to welfare as more diverse needs are 
servedd at a better quality. However, qualitative change in the composition and quality of 
productss is poorly reflected in national output statistics, which calls for the development of 
specificc theories and specific data of product evolution (Saviotti 1996; Griliches 1997). The 
thirdd reason why understanding product innovation is important relates to the design of 
technologyy policy. A growing number of scholars argue that product innovations are crucial 
forr sustaining long-term growth and ultimately prevent economic systems from structural 
unemploymentt (Pasinetti 1981, 1993; Edquist 1997). Policies that aim at enhancing product 
innovationn are expected to be important to sustain long-term growth and employment. 

Thesee three reasons summarise the importance of studies on product innovation. This 
studyy will however not provide comprehensive answers to the wide-ranging issues raised 
above.. Rather, the thesis aims to provide a number of conceptual and methodological 
buildingg blocks for future studies. The main objective of the study is to develop a formal 
modell  and an empirical methodology of product innovation. The main "innovation" 
incorporatedd in this study concerns the application of complex systems theory in the analysis 
off  product innovation. The central model is a generalised version of Kaufrman's (1993) NK-
modell  of complex systems. For that matter, the complex systems model of product evolution 
developedd in this study can also be used as a model of the evolution of process technology 
andd of organisational structures. Thus, scholars interested in process innovation and 
organisationall  evolution may well benefit from the insights in this study. 
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Thee unit of analysis is taken "technology as artefact". A product is modelled as a 
complexx artificial system that contains various elements that function collectively according 
too the system's architecture. Product innovation can then be understood as the introduction of 
onee or more new elements in a system leading to a new set of performance characteristics. 
Whenn the new product is judged successful in the eyes of users, the product is selected 
possiblyy at the expense of existing varieties. Industry development can then be understood as 
ann evolutionary competition process between firms introducing new products and being 
selectedd on the basis of the quality of their products. 

Fromm a complex systems perspective, one can understand the difficulties of product 
innovationn in complex artefacts as arising from combinatorial problems in design. The design 
taskk is to find combinations between elements that "fit " well when put together in a system. 
Duee to dependencies among elements the system's working cannot solely be understood from 
thee behaviour of its parts. For this reason, designers are not able to understand ex ante the 
workingg of a technology in all its possible designs ("bounded rationality"). Instead, they have 
too experiment from some working design and add small changes to this design. This trial-
and-errorr logic in problem-solving renders product development highly incremental and path-
dependent.. The complex systems perspective thus sheds new light on earlier evolutionary 
theoriess that hold that innovative activity is organised along technological trajectories that are 
partt of technological paradigms (Dosi 1982). 

Thee combinatorial complexity of technological systems also provides the basis for an 
empiricall  methodology to analyse the evolution of specific technologies. The methodology 
thatt is developed in this study is based on the entropy concept that indicates the degree of 
randomnesss in a frequency distribution. Using this methodology, the evolution of aircraft, 
helicopter,, motorcycle, and microcomputer designs is mapped over long periods of time. In 
thesee analyses, technological development is described in terms of product variety as 
measuredd by the entropy of a distribution of product designs. A fall in product variety can 
thenn be related to the emergence of a technological paradigm, and a rise in product variety to 
strategiess of niche creation. Furthermore, an analysis is provided that relates product variety 
too international patterns of specialisation. This analysis shows that countries tend to specialise 
onn one technological trajectory that is adapted to one market niche. From these analyses, a 
numberr of tentative implications can be derived for firm strategies and government policy. 

Thee study in divided in four parts. The first part contains only the introductory 
chapter.. This first chapter deals with evolutionary concepts in theorising about technological 
evolutionn and a detailed outline of the study. The second part covers three chapters that deal 
withh formal models of evolving complex systems and its application to the evolution of 
productt technology. The third part covers four empirical chapters that address the long-term 
patternss in product evolution. Finally, the fourth part contains a final chapter that summaries 
thee main arguments, lists the main conclusions, and discusses issues for further research in 
evolutionaryy modelling and empirical studies of technological development. 
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PARTI I 

FORMA LL  MODEL S AND APPRECIATIV E THEORISIN G 
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Chapterr  1 

Understandingg technological evolution 

Thiss introductory chapter reviews a number of formal models of technological development 
inn Section 1.1 and a number of empirical studies of technological development in Section 1.2. 
Thee formal models provide mathematical frameworks to describe basic, singular mechanisms 
att work in technological development. Though less general, empirical studies of 
technologicall  development are more detailed in the description of technological development 
inn terms of product innovation and process innovation, and in terms of the co-evolution of 
technologicall  development and industrial structure. 

Bothh formal models and empirical studies make use of evolutionary concepts as 
variation,, selection, and path-dependency. However, as argued at the end of this chapter, 
formall  models hitherto exclude a number of important features of technological development, 
whichh have become central in empirical studies. These features concern the importance of 
studyingg the complex dependencies between components in assembled technologies, the 
boundedd rationality of designers in innovation processes, and the distinctive nature of product 
innovationn compared to process innovation. From this discussion, a number of starting points 
iss formulated for a new model of technological evolution that is subsequently developed in 
thee following chapters. 

1.11 EVOLUTIONARY MODELS OF TECHNOLOGICAL DEVELOPMENT 

Evolutionaryy concepts of technological development initially emerged mainly as a reaction to 
thee treatment of technological development in neoclassical economics. The central concept in 
thee neoclassical theory of production is the "production function". This function represents 
thee possible process technologies that can be used to produce a particular output. Each 
technologyy is characterised as a coordinate in the space of inputs. Technological change is 
representedd as an exogenous shift of the production function, which means that the efficiency 
att which inputs are transformed into a particular output increases for all technologies. 

Byy contrast, evolutionary models of technological development stress the localised 
naturee of technological development. Instead of representing technological change as an 
exogenouss increase in the efficiency of all technologies, technological development is said to 
concentratee on only some technologies. As a consequence, previously existing options that 
aree not improved for some time become obsolete. The "surviving" options can then only be 
challengedd by the introduction of radically new technologies. This process of variation and 
selectionn constitutes the evolutionary nature of technological development. 

Afterr a short discussion of the neoclassical concept of the production function, I 
continuee with a discussion of evolutionary concepts in formal models of technological 
developmentt starting with an early critique of Atkinson and Stiglitz (1969) on neoclassical 
theory.. In the alternative model proposed by these authors, technological development is 
modelledd as localised in the technology that is currently in use, instead of being general for 

15 5 



alll  technologies on a production function. Starting from this premise, technological 
developmentt is to be understood as a historical, evolutionary process in which many options 
aree generated through research and development, but relatively few are successfully 
elaboratedd along trajectories of localised development. I wil l also discuss more recent models 
off  increasing returns to adoption that provide further explanations of lock-in phenomena in 
technologicall  development. 

1.1.11 The production function 

Thee concept of the production function underlying neoclassical economic theory refers to all 
technicall  possibilities to produce a given quantity of output using combinations of quantities 
inputss which are also called factors of production. Different technologies are solely 
characterisedd by the different input mixes they require. For example, hand-weaving 
technologyy requires a different mix of inputs (labour-intensive) than automated weaving 
technologyy (capital-intensive). 

Forr two inputs, capital and labour, one can write the quantity of output as a function 
off  the quantities of labour and capital: 

Q=f(L,K)Q=f(L,K) (1.1) 

wheree Q stands for the quantity of output, L for the quantity of labour and K for the quantity 
off  capital. Most commonly used is the Cobb-Douglas production function, which has the 
form: : 

Q(LQ(LttK)=K)=  ALaK" (1.2) 

wheree a, p > 0. Each technology is by this function as a capital-labour ratio K/L. The 
parameterr A stands for the present "state of knowledge" and a and P stand for the 
responsivenesss of output for increases in quantities of inputs. This function can be 
generalisedd for any number of inputs that contribute to the production of output. 

Thee efficiency of a technique is derived from the cost of production of a given amount 
off  output. Costs are derived by multiplication of the quantity of inputs and the respective 
inputt prices. The assumption of profit maximisation by firms implies that firms minimise the 
costss of production by choosing the technique with the highest efficiency. Changes in input 
pricess affect the costs of production of techniques and thus the efficiency of technologies. 
Consequently,, after a change in input prices, firms will substitute the technology with the 
capital-labourr ratio that was formerly optimal by the technology with the capital-labour ratio 
thatt is currently optimal. This process is called factor substitution and is represented as a 
movementt along the production function. 

Factorr substitution can be distinguished from technological change, which is 
representedd as a rise in A. Over time, technological change is represented as: 

Q(L,K,t)=A(t)LQ(L,K,t)=A(t)LaaKKfifi (1.3) 
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Figuree 1-1: Technological development during in the period to — ti 

Inn the formula dA/dt > 0 indicates technological "progress". In this model, technological 
changee is thus understood as an improvement in the state of knowledge that allows more 
outputt to be produced by the same amounts of inputs, or equivalently, the same amount of 
outputt to be produced by means of less inputs. The isoquant curves in Figure 1-1 show a shift 
off  the production function resulting from a rise in A, which holds that less inputs are required 
too produce one unit output. 

Usingg the concept of the production function, one can distinguish between 
technologicall  change and factor substitution as two analytically distinct mechanisms. 
Technologicall  change corresponds to a shift of the production function, and factor 
substitutionn to a movement along the production function (David 1975: 57; Sahal 1981a: 5). 
Thee important difference between the two phenomena holds that technological change as 
expressedd as a rise in A is exogenous to changes in input prices, while factor substitution as 
expressedd as a change in capital-labour ratio is endogenous to changes in input prices.1 

Thee neoclassical model of the production function has been used as an empirical 
frameworkk for determining the impact of technological development on economic growth at 
nationall  levels, which can be broken up into two parts. The first part concerns the quantities 
off  inputs, which are derived from empirical data. The second part concerns the "state of 
knowledge""  A, which is estimated as the residual. 

Inn recent neo-classical models the state of knowledge A is made endogenous, for example to firms' investment 
inn R&D. Discussions and reviews of these "new growth models" can be found in Verspagen (1992), Nelson 
(1994a),, Romer (1994) and Solow (1994). An early conceptual exposition on endogenous growth can be found 
inn Rosenberg (1964). 
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Onn this basis, Solow (1957) found that only a small part of growth in total output in 
thee U.S. is related to increases in the quantities of inputs. The residual A accounted for the 
largestt part of the growth in total output. Later studies have repeatedly indicated that 
increasess in factors of production only account for the smaller part of the growth in output, 
andd the residual A for the larger part in the growth in output.2 These results have put 
economists'' attention to the process of technological development as the prime cause of 
economicc growth. Because of the importance of technological development for economic 
growth,, technological change became progressively regarded as something to be explained in 
itss own right. 

1.1.22 The direction of technological change 

Ass explained above, the concept of the production function allows one to distinguish between 
factorr substitution on the one hand, which is endogenous to changes in input prices, and 
technicall  change on the other hand, which is exogenous to input prices. This distinction, 
however,, has been subject to critique. Hicks (1932: 124) argued that a change in input prices, 
alsoo called factor prices, induces technological development that economises on the factor of 
productionn that has become more expensive: 

"A"A change in factor prices of the factors of production is itself a spur to 
invention,invention, and to invention of a particular kind - directed to economizing the 
useuse of a factor which has become relatively expensive. " 

Thus,, a rise (fall) in wages would spur R&D aiming at developing new capital-intensive 
(labour-intensive)) technologies. The production function would then not shift neutrally as a 
consequencee in the rise of A, but with a bias changing the ratio between a and p\ 

Hicks'' argument of induced technical change has in turn been criticised. Minimisation 
off  total costs of inputs implies that firms welcome any improvement in a technology 
irrespectivee of biases in factors of production. Since profit maximisation is based on 
maximisingg the difference between revenues and total costs of inputs, firms focus on any 
technicall  improvement that decrease total costs. As Salter (1960: 43) put it: 

"The"The entrepreneur is interested in reducing costs in total, not particular 
costscosts such as labor or capital costs. When labor costs rise any advance that 
reducesreduces total costs is welcome, and whether this is achieved by saving labor 
oror capital is irrelevant. " 

Sincee competing firms will accept any cost-reducing innovation, changes in input prices are 
insufficientt to explain bias in technological development into a particular direction. Put 
anotherr way, changes in scarcity may motivate innovation, but a change in scarcity does not 
guaranteee that the technical problems encountered in moving towards a particular input-
savingg direction, can be resolved (cf. Sahal 1981b: 399). Though historical examples exist in 
whichh in a sudden scarcity of an input motivated innovations in directions that made 

22 See, Abramovitz (1956) for an early account. For more discussion on empirical growth studies, see Nelson and 
Winterr (1982) and Coombs et al. (1987). 
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technologyy less dependent on this input, the direction of technical change cannot be explained 
byy changes in input prices alone (Rosenberg 1969).3 

1.1.33 Localised technological development 

Inn the neoclassical framework changes in the prices of inputs do not affect the rate and 
directionn of technological change. A change in input price induces firms to substitute their 
currentt technology X for another existing technology Y along the production function. 
Subsequentt increases in A symmetrically affects the efficiency of technology X and 
technologyy Y. As a consequence, the reverse change in the price of the input causes firms to 
substitutee technology Y for technology X. Factor substitution is thus reversible. 

Evolutionaryy models represent technological change as being localised in the 
technologyy that is presently in use. In evolutionary models the changes in the prices of inputs 
cann affect the rate and direction of technological change in an irreversible manner. A 
temporaryy change in the price of an input may induce firms to substitute their current 
technologyy X for another technology Y. Subsequent technological progress is localised in 
technologyy Y while technology X is no longer used and therefore no longer improved. When 
thee reverse change in price of the input takes place, firms do not necessarily substitute 
technologyy Y again for technology X. When technology X has become economically inferior 
too technology Y at the new input prices, firms irreversibly stick to technology Y. 

Atkinsonn and Stiglitz (1969) formulated a criticism on the concept of the production 
functionn that provided the starting point of an evolutionary line of thinking. The models that 
havee come out of this line of research can be labelled "evolutionary" since the process of 
technologicall  change is considered as historically irreversible. The models point out that the 
currentt use of technologies cannot only be deduced from current scarcity conditions, but also 
requiress an analysis of technological development and the historical sequence of input prices. 

Thee main argument of Atkinson and Stiglitz (1969) holds that innovations are 
concentratedd in the technology that is currently in use, while other technologies on the 
productionn function remain largely unaffected. Their argument starts with a reminder: the 
conceptt of the production function originated as an idealised continuous representation of a 
discretee set of technologies ("blueprints"). The specification of the production function as a 
continuouss function as in equation (1.2) literally implies that an infinite number of blueprints 
wouldd exist by means of which an output can be produced. In reality, only a limited number 
off  technological options exist at each moment in time. 

Startingg from a limited number of discrete technological options, Atkinson and 
Stiglitzz (1969: 574) argue that "if one brings about a technological improvement in one 
techniquee of production this may have littl e or no effect on the other blueprints". This form of 
"localised""  technological development renders only one technology more efficient, while the 
efficiencyy of other blueprints remains constant. In this case, technological development is no 
longerr appropriately modelled as a shift of the production function as represented by an 
increasee in A in equation (1.2), since technological development renders only one or a small 
subsett of technologies more efficient.4 

33 For  more discussion on induced innovation, see Coombs et al. (1987). 
Thee concept of localised technological change is close to the older  concept of local search introduced in 

behaviourall  approaches in management science (Cyert and March 1963). Organisations that engage in local 
searchh look for  efficiency improvements by changing only a small part of their  operations instead of 
experimentingg with a complete new set-up of all operations. See also Chapter 2 of mis study. 
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Thee degree to which technical change is localised depends on the degree of 
applicabilityy of new knowledge or artefacts that has been developed through R&D. The lower 
thee degree of applicability the higher the degree of localisation. The degree of applicability 
relatess in turn to the degree of generality of knowledge. This attribute can be thought of as a 
continuumm ranging from purely "applied" knowledge with a low degree of generality to 
"basic""  knowledge having a high degree of generality. Stiglitz (1987: 127) provides the 
followingg example: 

"the"the concept of 'weaving' is involved in virtually all textile production, but 
muchmuch of the technical change associated with modern automated factory 
productionproduction is inapplicable to hand-loom technology." 

Inn this example, improvements in basic weaving knowledge are assumed to improve the 
efficiencyy of both labour- and capital-intensive technologies, while improvements in specific 
automatedd factory production only favour particular capital-intensive technologies. 

Atkinsonn and Stiglitz (1969) argue that the majority of technical advances is indeed 
"localised""  in the technology that is in use at the moment in time, while other technologies 
thatt are not in use are largely unaffected by research and development. They distinguish 
betweenn two forms of localised technological change. First, learning-by-doing increases the 
efficiencyy of a technology at which inputs are transformed into output, but the technology 
itselff  remains unchanged. Second, localised innovations change the particular technology in 
usee and increase the efficiency of a technology at which inputs are transformed into output. 

Thee first form of localised technological development, learning-by-doing, refers to 
learningg processes in the use of a given process technology, which itself does not undergo 
anyy change. Learning-by-doing, also called the Horndahl effect, is due to accumulated 
experiencee in the use of capital equipment by labour and in the organisation of labour in 
productionn processes. This term stems from a finding that Horndahl's iron works in Sweden 
hadd improved labour productivity by an average of close to two percent without changes in 
thee process technology used (Arrow 1962a; David 1975). Experience leads to efficiency 
increasess over time as a function of the amount of output produced. The classic formulation 
off  learning-by-doing comes from Arrow (1962a), and follows a pattern according to: 

A(G)=A(G)= a + (bG-n) (1.4) 

wheree X stands for the labour-input required to produce an output (assuming the capital-
labourr ratio to be constant6). The sum a+b equals the initial labour-output efficiency at the 
timee the technology is first used, G stands for cumulative gross investment, and n stands for 
thee rate of learning-by-doing (n > 0). The negative exponent refers to the common finding 
thatt the labour-efficiency increases with accumulated investment, but decreasingly so. The 

Basicc knowledge is usually associated with natural sciences and applied knowledge with engineering sciences. 
Thee correspondence, however, is not always clear-cut. For example, atomic energy research is usually 
consideredd to be part of basic science, but with respect to the production function of energy output, atomic 
energyy research is likely to favour solely atomic energy technology, while alternative energy technologies are 
largelyy unaffected by it. What matters in the present discussion is the degree of generality of knowledge to be 
implementedd in existing technologies, whether or not it is considered basic or applied according to some 
definition. . 
66 Note that Arrow's (1962a) model concerns labour-efficiency improvements holding capital/output constant 
(i.e.(i.e. Harrod-neutral technological progress). Thus, the model does not deal with Hicks-neutral technological 
progresss with constant capital/labour ratio as Atkinson and Stiglitz (1969) assume in their model. 
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contributionn of learning-by-doing to efficiency increase has been estimated to be substantial 
(nn around 1/3) with evidence collected for a large number of technologies including 
airframes,, ships, chemicals and semiconductors (Arrow 1962a; David 1975; Yelle 1979; 
Duttonn and Thomas 1984; Lieberman 1984; Lucas 1993; Irwin and Klenow 1994).7 

Thee second form of localised technological change concerns process innovations in 
thee material technology itself, which increase the efficiency in transforming inputs into an 
output.. This form of localised technological change is distinct from learning-by-doing in that 
efficiencyy is increased by the introduction of new parts in the technology in use. For example, 
thee introduction of information technology in the production process of cars contributes to the 
efficiencyy of production. Both leaming-by-doing and localised innovations increase the 
efficiencyy of a specific technology that is currently in use.8 

Thee assumption of profit maximisation in a framework of localised technological 
changee implies that firms base their choice of technology on both input prices and the rate of 
futurefuture localised technological development of all available technologies. Profit maximisation 
thenn "wil l require marginal revenue to equal short-run marginal costs minus the present 
discountedd value of the marginal reduction in future costs from learning" (Atkinson and 
Stiglitzz 1969: 575f). The localised nature of these improvements can be represented as a 
movementt of a technology's coordinates in capital-labour space towards the origin without a 
movementt of technologies not in use, as in Figure 1-2.9 

Importantly,, the rate of localised learning is not necessarily the same for different 
technologies.. Consider Figure 1-3 in which X and Y represent two technologies in their 
currentt state of development, and the curves X-X' and Y-Y' represent the increase in 
efficiencyy if adopted by a firm over the period of time for which a firm discounts investment. 
Givenn the relative input prices as indicated by the isocost lines, technology X is the optimal 
techniquee at current marginal revenues and costs, but technology Y is the optimal technique 
att current marginal revenues and the present discounted value of future costs. Assuming firms 
too have perfect foresight about the rate and direction of future localised technological 
progress,, they will minimise costs and maximise profits by opting for technology Y even if 
technologyy X is currently cheaper. 

Ass illustrated by the example of Figure 1-3, the adoption of a technology cannot 
solelyy be explained by current relative input prices. A technology that is more expensive may 
stilll  be adopted when the development potential is sufficiently higher compared to 
technologiess that are currently less expensive in terms of input prices. Technology adoption 
cannotcannot be solely explained by input prices, but requires in addition an analysis of firms' 
expectationsexpectations regarding the future development potential of different technological options. 
Onlyy in the special case in which all technologies improve at the same rate, input prices alone 
cann be considered sufficient to explain the adoption decisions of firms. 

Atkinsonn and Stiglitz (1969) derive an important normative proposition from their 
modell  of localised technological change. Public policy aiming at long-run growth could 

Labour-efficiencyy generally decreases again to some extent when a technology it is not used by a fir m for  a 
particularr  period of time, for  example when orders fluctuate (Argote and Epple 1990; Benkard 2000). This 
forgettingg effect reflects that learning-by-doing efficiencies cannot be full y codified in organisational routines. 
Thee maximum realisation of learning-by-doing requires a constant stream of production over  time. The 
forgettingg effect can be labelled as unlearning-by-no-longer-doing. 
88 It is empirically questionable whether  the two forms of technological progress (learning-by-doing and 
incrementall  process innovation) can be disentangled. Incremental innovation in the physical production 
technologyy generally requires changes in the way it is operated within the organisation, which in turn affects 
learning-by-doing. . 

Assumingg first order  homogeneity of production technologies (David 1975). 

21 1 



supportt technologies with high development potential in the long run, but which are 
neglectedd within the time-horizon over which private firms maximise profits. This reasoning 
providess an economic rationale for R&D support in technologies, in particular science-based 
technologies.. For these technologies, benefits are expected only after a very long period of 
time.10 0 

Thee model of localised technological change can be considered as an "evolutionary" 
modell  of technological development in which one technological option is adopted and further 
developedd while other options disappear from stage. The model explains why particular 
choicess among technological options can become irreversible in the course of time. At any 
givenn moment in time, the set of relative input prices and the expected technological progress 
jointlyy determine the choice of a particular technology. Once the selected technology has 
beenn used and improved, previous options may become obsolete. For this reason, the 
particularr historical sequence of input prices, or more generally, the dynamics of the 
"selectionn environment" (Nelson and Winter 1982), plays a crucial role in explaining 
technologicall  development. 

Inn the model of localised technological development, fluctuations in input prices may 
leadd an economy into a localised path of technological development, which cannot be 
substitutedd any longer once this path has been followed for a particular period of time. 
Atkinsonn and Stiglitz (1969: 577) provide the following example: 

"Suppose,"Suppose, for example, that an economy is in long-run equilibrium using a 
relativelyrelatively labour-intensive technique when suddenly a plague wipes out a 
largelarge proportion of the labour force, so that wages rise and a more capital-
intensiveintensive technique is adopted. Technical progress is now localised to this 
technique,technique, and it is possible that the economy will  continue to use it rather 
thanthan return to the more labour-intensive one. In this case the history of the 
economyeconomy is qualitatively and quantitatively different from what would have 
beenbeen had there been no plague. " 

Thee above phenomenon is an example that "history matters" (cf David 1985). The actual 
pathh of technological development is partially dependent on historical fluctuations in input 
prices.. In the example, a rise in wages led firms to substitute the labour-intensive technology 
forr a capital-intensive technology. Once the reverse fluctuations take place (here, fall in 
wages),, this may not induce a return to the labour-intensive technology, as localised 
technologicall  change has rendered the capital-intensive technology superior, even at lower 
wages.. At that point in time, factor substitution will not occur as the alternative technology is 
noo longer economically viable. 

Notee that the discussion is based on the assumption that the direction of localised 
technologicall  change in Hicks-neutral, i.e. that the ratio between capital and labour remains 
unchanged.. This assumption underlying Atkinson's and Siglitz (1969) is a strong assumption. 
However,, as David (1975) argued, localised technological change stems from incremental 
improvementss in one particular technology and is not expected to change substantially into a 
factor-biasedd direction. 

Importantly,, another rationale to support science-based technologies holds that firms can be expected to 
underinvestt in science when results are difficult to appropriate (Arrow 1962b). 
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Whenn one technological variant has become superior to all alternatives for all sets of 
inputt prices, factor substitution can only take place when a radical innovation leads to a 
completelyy new technology characterised with higher efficiency discounted for future 
localisedd technological development. Only then can firms be expected to adopt this new 
technology,, and substitute the old technology for the newly developed technology. Such a 
radicall  innovation can be regarded as a "mutation" introducing a new variation into the 
markett allowing for factor substitution to take place again. The pattern of technological 
developmentt can thus be summarised as prolonged periods of incremental innovation 
punctuatedpunctuated by radical innovation (Dosi 1982; Mokyr 1990). 

Thee concept of localised technological change and the possibility of irreversibility in 
technologicall  development imply that innovation and factor substitution can only be 
consideredd as analytically distinct (Leydesdorff 1994). Technological development is 
primarilyy a cumulative process along particular paths of development that are expected to 
havee a development potential. Scarcity of inputs as reflected in relative input prices plays 
onlyy a minor role in the choice of technology and the direction in which it is advanced. 
Factuall  factor substitution generally takes place only after a new technology has been 
developedd by radical innovation. 

Thee concept of localised technological change motivated a number of evolutionary 
modelss of technological development that all start from the premise that technical change is 
localisedd and cumulative (David 1975; Nelson and Winter 1982; Silverberg et al. 1988; 
Andersenn 1994). The localised nature of technological change can be considered a prime 
characteristicc of evolutionary approaches. When "evolutionary economics" is taken to refer to 
economicc theories that underline the historical nature of economic development, the model of 
Atkinsonn and Stiglitz (1969) can be classified as one of the first formal evolutionary models 
inn economic theory. 

Laterr contributions by David (1975), Nelson and Winter (1982) and others differ from 
thee model of Atkinson and Stiglitz (1969) in one important respect. Atkinson and Stiglitz 
(1969)) assumed that firms have perfect foresight regarding the future rate of technological 
change,, whereas the later models abandoned this assumption. Instead of assuming firms to 
havee perfect foresight regarding the rate and direction of technical change, the probability and 
directionn of technological innovation is modelled as a stochastic process reflecting die 
uncertaintyy with regard to the outcomes of R&D. 

Laterr contributions by David (1975), Nelson and Winter (1982), and others differ 
fromfrom the model of Atkinson and Stiglitz (1969) in one important respect. Atkinson and 
Stiglitzz (1969) assumed that firms have perfect foresight regarding the future rate of 
technologicall  change, whereas the later models abandoned this assumption. Instead of 
assumingg firms to have perfect foresight regarding the rate and direction of technical change, 
thee probability and direction of technological innovation is modelled as a stochastic process 
reflectingg the uncertainty with regard to the outcomes of R&D. Antonelli (1995, 1998) 
furtherr elaborated the concept of localised technological change in a number of models 
addressingg switching costs, shifts in demand, difference in industrial structures and 
differencess in firm strategies (specialisation versus diversification). 

Thee use of stochasticity in models of technological development is analogous to the 
randomnesss of mutation in biological evolution. Stochasticity in R&D outcomes leads to 
varietyy in technologies analogous to the existence of genetic variety in biological evolution. 
Selectionn takes place by means of market competition. The higher the productivity of a firm's 
technologyy relative to the productivity of technologies adopted by other firms, the higher its 

24 4 



profitt relative to the profit of other firms. Profits are used for output expansion, which leads 
thee more productive firms to expand their market share at the cost of less productive firms. 
Varietyy can therefore be considered another important characteristic of evolutionary 
approachess to technological change (Dosi and Nelson 1994; Metcalfe 1994a; Nelson 1995; 
Saviottii  1996).11 

Inn summary, under the assumption that technological development is localised, 
Atkinsonn and Stiglitz (1969) show that "history matters" in technological development.12 A 
fluctuationn in relative input prices can lead firms to use a particular technology for a period of 
time,, during which learning-by-doing and technological innovations are localised in this 
technology.. A reverse fluctuation in relative input prices will then not lead firms to use again 
thee previous technology. This form of irreversibility in technology adoption renders the 
processs of technological development an evolutionary process. 

1.1.44 Increasing returns to adoption 

AA more recent subject of economic modelling concerns the existence of increasing returns to 
adoptionn of a technology (David 1985; Katz and Shapiro 1985; Arthur 1989). When 
increasingg returns to adoption are present, a technology becomes more attractive when it is 
moree widely used. Increasing returns to adoption refer both to increasing efficiency of a 
technologyy due to a rise in the number of firms adopting a technology, and to increasing 
consumerr value of a technology due to a rise in the number of users adopting a technology.13 

Increasingg returns for producers that adopt the same technology relate primarily to 
collectivee learning processes in technological development: a higher number of firms 
adoptingg the same production technology is expected to increase the rate of technological 
developmentt in this technology due to spill-over among firms. Spill-overs can emerge even 
thoughh each firm has an incentive to exploit its own innovations for its own benefit, as firms 
mayy not succeed to appropriate all returns of their innovation (Arrow 1962b). Firms may also 
recognisee a common interest in co-developing technical standards and physical 
infrastructuress suited for their common technology as well as in co-developing knowledge 
infrastructuress such as training institutions, manuals, and journals (David and Greenstein 
1990).. Moreover, the growth in the number of producers of a technology spurs innovation of 
supplierss of inputs that render the end product less costly to produce. 

Thee latter models build on Alchian's (1950) early evolutionary conception of technological competition 
betweenn firms. In Alchian's framework, firms with relatively high cost efficiency are able to expand output at 
thee expense of firms with relatively low cost efficiency. Analogous to Fisher's (1930) theorem of natural 
selectionn in biology, the expansion rate of a firm is proportional to the relative efficiency of its technology. As a 
result,, technologies with highest efficiency are selected and technologies with lower efficiency disappear. In 
somee models, additional feedback mechanisms are specified as in Nelson and Winter (1982) where less 
successfull  firms are able to adapt by raising R&D expenditures or by imitating more successful firms. For a 
criticall  discussion of models in the tradition of Alchian (1950) and Nelson and Winter (1982), see Rosenberg 
(1994)) and Vromen (1995). 

Itt is important to note mat the role of historical events in the model of Atkinson and Stiglitz (1969) is different 
fromm path-dependency in Arthur's lock-in model. In the former, the change in technology adoption is caused by 
ann exogenous shock in a variable, while in Arthur's model a lock-in into one technology is solely the result of 
stochasticityy and not the result of an exogenous change in a variable. 

AA similar positive feedback effect has also been discussed in the context of rewards of individual scientists by 
meanss of citation. The more often a scientist is cited in the past, the higher the probability to be cited more often 
inn the future (Merton 1968; David 1994a). 
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Increasingg returns can also be present for users when the value of consuming a 
particularr technology increases as the number of users increases. In this context, one 
generallyy speaks of "positive network externalities" (Katz and Shapiro 1985). Each new user 
whoo starts to use a particular technology adds value to the existing user network. Positive 
networkk externalities are common to technologies that people use to interact in geographical 
andd social networks such as transport and information technologies, respectively. The larger 
thee network of users of a technology, the larger the value each user can achieve as the number 
off  possible connections increases.14 Technologies that rely heavily on compatibility standards 
withh complementary products are also characterised by positive network externalities, as the 
usee of an alternative standard would exclude users from complementary products. Examples 
aree the common use of video standards and operating systems that allow users to buy and 
exchangee a higher variety of the complementary software compared to the case in which 
severall  standards would co-exist (David and Greenstein 1990). Lastly, another feature of 
technologyy that contributes to network externalities is the extent to which consumption is 
knowledge-intensive.. Any technology that requires some knowledge in usage and 
maintenancee becomes more attractive to users when more users already adopted this 
technology,, since users can exchange their knowledge and collectively increase this 
knowledge. . 

Arthurr (1988, 1989) has developed a baseline model to simulate the effect of 
externalitiess on the diffusing dynamics of competing technologies.15 The model specifies 
heterogeneouss users with two types of adopters: ü-agents who have a "natural preference" for 
technologyy A and S-agents who have a "natural preference" for B. The pay-off functions of 
R-agentss and S-agents are written as in Table 1-1. 

Pay-offf  technology A Pay-off technology B 

R-agentss aR + (r  nA) bR + (r  nB) 
S-agentss as + (s  nA) bs + (s  nB) 

Tablee 1-1: Pay-off for R- and S-agents with aR > bR and as < bs (from: Arthur 1988: 594). 

Arthurr (1988, 1989) modelled the competition process between two technologies by 
drawingg R-agents and S-agents randomly and sequentially, with equal probabilities at each 
sequentiall  iteration: 

Prob(R-agent)Prob(R-agent) = Prob(S-agent) = 0.50 

144 Network externalities in the adoption of technologies may turn from positive to negative over time. For 
example,, the value of using Internet for an individual user rises when more people use email and more people 
addd information on the Internet. However, at some point, the rapid rise in the number of Internet users causes 
congestionn when investments do not keep up. Similar thresholds leading to negative externalities due to 
congestionn or environmental pollution are common in car traffic. On this, see Windrum and Swann (1999). 
155 Frenken and Verbart (1998), Leydesdorff and Van den Besselaar (1998) and Leydesdorff (2000) have 
developedd variations on this model. 
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Thee first agent that adopts a technology always does so according to its natural preference 
sincee nA and «s are still zero. When the first agent happens to be an R-agent (S-agent), it wil l 
choosee technology A (technology B). The second adopter, who again can be an R-agent or an 
S-agentt with equal probability, evaluates the pay-off for the two technologies according to its 
preferencee and the size of the network effect. This agent will choose either technology A or B 
accordingg to the highest pay-off, which is now depending on both the natural preference of A 
andd B and the size of the network of users nA and nB currently using A and B. After the 
secondd adopter, a third agent is drawn randomly, et cetera, et cetera. 

Arthurr found that when network externalities are positive, a particular difference 
betweenn the number of previous adopters of technology A and of technology B leads all 
agentss to adopt the same technology. This critical difference in the number of adopters can be 
derivedd by determining at what values of nB and nA agents start choosing against their natural 
preference.. R-agents who normally choose technology A according to their natural 
preference,, shift to technologyy B when: 

bbKK+(r-n+(r-n BB)>a)>aRR+(r-n+(r-n AA)) (1.5.1) 

whichh can be rewritten as: 

nnBB-n-nAA>{a>{a RR-b-bRR)tr)tr  (1.5.2) 

Inn this same way, it can be derived that S-agents who normally choose technology B 
accordingg to their natural preference, shift to technology A when: 

aass+{sn+{snAA)>b)>bss+(sn+(snBB)) (1.6.1) 

whichh can be rewritten as: 

nnAA-n-nBB>(b>(bss-a-ass)ls)ls (1.6.2) 

Inn this way the critical difference is derived between the number of adopters of two 
technologiess leading to a lock-in. This critical difference depends on the gap between the 
preferencess of a type of agent (aR - bR) and (bs - as), and on the strength of the network effect 
rr and s. As proven by Arthur (1989), whatever the values for natural preferences aR, bRj bs, 
andd as, lock-in wil l always occur for an infinite sequence of adopters when parameters r and s 
aree positive. 

Thee lock-in process can be simulated in a computer model using a relatively simple 
code.. A random sequence in the drawing of R- and S-agents wil l always, at some point, 
draww either sufficiently more R-agents than S-agents leading to lock-in of technology A, or 
sufficientlyy more S-agents than R-agents leading to lock-in of technology B. For zero values 
forr r and s, lock-in will obviously never occur as R-agents and S-agents always choose 
accordingg to their natural preference. For negative values or r and s, lock-in wil l neither 
occur,, since the value depends negatively on the number of adopters. Therefore, once one 

66 Leydesdorff and Van den Bessclaar  (1998) made the computer  code of Arthur' s model available in QBASIC. 
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technologyy gets more dominant, agents will switch to the less dominant technology until 

equilibriumm is restored and vice versa. 
Thee case of increasing returns in Arthur's model is an example of a self-organisation 

model:: a transition process from a less ordered state (technological variety) towards a more 
orderedd state (technological lock-in). This emergence of an ordered state from a less ordered 
statee is due to the positive feedback that operates over time. The process is characterised by 
"path-dependency"188 and "irreversibility". Path-dependency in this context holds that whether 
technologyy A or technology B locks in depends on the sequence or "path" of drawings of R-
agentss and S-agents.19 Irreversibility means that once a technology locks in, all future 
adopterss will also adopt this technology with full certainty, thus characterising the 
irreversiblee nature of lock-in. 

AA different approach to modelling increasing returns to adoption has been proposed 
byy David (1993), Dalle (1995, 1997), and David et al. (1998) who introduced spatially 
localisedd interactions between agents. Defining a network of agents on a lattice in which all 
agentss have the same number of spatial neighbours, the probability of adopting technology A 
orr technology B can be made dependent on the number of neighbours that currently use 
technologyy A or technology B. In these models, a parameter can be introduced that reflects 
switchingg costs associated with changing from technology. It can then be shownthat lock-in 
needd not occur for a range of parameter settings that reflect high switching costs. 

177 Positive network externalities can also lead to geographical concentration of firms within a particular region, 
forr example, when proximity adds to knowledge spill-overs among firms. Arthur's model can mus be taken to 
referr to geographical clustering phenomena (Arthur 1988, 1989; Boschma and Lambooy 1999). Then, natural 
preferencess stand for location preferences regarding region A and B of R-firms and S-firms, and network 
externalitiess stand for the number of firms that previously located in region A or B. 
188 Or "path dependence", which would be the preferred technical usage according to the English language. 
199 David (20010 provides a broader definition of path-dependent processes as processes in which prevailing 
probabilitiess of transitions among distributions are functions of the sequence of past transient distributions. This 
definitionn includes the possibility of non-extremal stable attractors in the distributions of technologies (i.e. 
distributionss that are stable but not exclusively dominated by one technology). 
200 Arthur's model of competing technologies refers to competition processes between firms adopting different 
technologies,, but it can also be understood as a more general model of codification (Cowan and Foray 1997; 
Frenkenn and Verbart 1998). A code can be understood as a cognitive frame that is applied by a group or an 
organisationn to receive, process and retrieve information, involving both material elements (technical standards 
matt make up an infrastructure) and immaterial elements (skills, knowledge, texts). Codification means that 
memberss of a group or an organisation adopt a code, which allows them to communicate and retrieve 
informationn more efficiently. In the context of organisation theory, Arrow (1974: 55-56) pointed out that the 
adoptionn of a code for an individual firm involves a fixed investment, which is highly irreversible. This can be 
understoodd as a consequence of network externalities that operate at the level of an organisation. As in Arthur's 
modell  of competing technologies, once a sufficient number of members of an organisation adopt the same code, 
otherr members can profit by adopting the same code. However, once this code is diffused, the adoption of an 
alternativee code involves high switching cost, as all members need to unlearn established cognitive routines. 
Arroww (1974: 49) also stressed mat changes in the conditions that led to the adoption of a code at one point in 
timee do not automatically lead to a change in code at a next moment in time, when environmental conditions 
havee changed. Wilh hindsight, the code adopted under historically prevailing conditions may turn out to be sub-
optimall  at a later stage. Thus, David's (1987) "narrow windows" also apply to the policy of an individual 
organisationn regarding the adoption of a code. The model of Arthur (1989) can be considered as an extension of 
Arrow'ss (1974) argument to an industry as a whole, stressing that increasing returns to adoption can lead a 
wholee industry to adopt the same code, which with hindsight may turn out to be sub-optimal. 
211 Plouraboue et al. (1998) developed a model of technology adoption within in a neural network framework. 
Apartt from locally operating network externalities an additional feedback mechanism is specified that updates 
thee relative weights of choices of neighbours on the choice of each individual. This additional mechanism 
specifiess that a neighbour that successfully influenced an individual to adopt a particular technology in the past, 
becomess a more important neighbour in the future in terms of the weight assigned to this neighbour. The 
resultingg social structure in the network results in a sudden "avalanche" from one to another technology. 
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Thoughh many technologies can be considered to be subject to positive network 
externalities,, this does not mean that lock-in is always likely to occur in reality. The most 
obviouss reason for lock-in not to occur is that selection takes time. Lock-in may not occur 
whenn during the competition process between an M number of technologies, an A/+/-th 
technologyy is introduced that attracts users previously adopting one out of the M 
technologies. . 

Lock-inn processes may also be endogenously encountered. A tendency to lock-in may 
motivatee some consumers to choose the losing variant again when they have a social desire to 
deviatee from the mass. Another example of endogenous reaction to lock-in is the case when 
policyy makers wish to invest in the losing technology for strategic reasons (e.g., in the case of 
energyy technology or military technology). When one country dominates the production of 
thee locked-in technology, governments of other countries become politically dependent on 
thiss country. Countries may wish to remain competent in the losing technology to be 
politicallyy less dependent. 

Thee normative implications for the design of technology policy have been heavily 
debated.. It has been suggested by David (1985) and Arthur (1989) that technological 
competitionn in the presence of network externalities may not result in the selection of the 
optimall  technology per se. The critical difference in the number of adopters of technology A 
andd B that leads to lock-in as derived by equation (1.5.2) and equation (1.6.2), can be caused 
byy highly contingent "historical events". For example, a well-timed marketing campaign 
favouringg a technology or a sudden temporary shortage of supply disfavouring a technology 
cann lead to a non-random sequence of adopters favouring one technology and leading to its 
lock-in.. this relatively small events may thus have long-lasting effects. 

Thee implication for technology policy holds that only "narrow windows" for 
interventionn exist as only in early phases of technology adoption governmental sponsoring 
mayy have the intended effects (David 1987). Though network externalities can explain the 
possibilityy of selection of the sub-optimal technology in decentralised markets, centralised 
decision-makingg through government intervention does not necessarily provide the right 
institutionall  framework for selection of the optimal technology. Technological and 
commerciall  uncertainties render it difficult to assess ex ante by a central agency whether or 
nott a technology is optimal according to some set of objectives. More often, optimality can 
onlyy be assessed more accurately with hindsight when more information has become 
availablee (Foray 1998). 

Rather,, government policy that aims to prevent lock-in into a sub-optimal technology 
fromfrom happening could sponsor technological variants in early phases of technological 
developmentt as to postpone the selection process to a later stage when more technological 
andd commercial information is available (Foray 1998). Another strategy to prevent lock-in 
fromfrom happening is to minimise switching costs. Switching costs can be reduced by 
constructingg technologies that are flexible with regard to the use of its components, for 
example,, constructing buildings in which the energy source can be changed without any 
necessaryy adjustments in other parts of the building (Vijlbrief 2000). Also converters and 
otherr gateway technologies allowing technologies to operate under multiple technical 
standards,, can postpone or undo lock-in. David (1987) and David and Greenstein (1990) 
discusss a number of such "meta-technologies". An important historical example of a gateway 
technologyy has been the development of AC/DC converter that allowed conversion between 
alternatingg and direct current in electricity systems (David and Bunn 1988). The introduction 
off  converter thus made the two technical standards no longer technically incompatible. 
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Severall  historical examples of competing technologies that locked into one 
technology,, have been put forward.22 Whether the technology that locked-in can be said to be 
ann inferior option at the time has been critically debated, in particular, the cases of QWERTY 
standardd in typewriting and VHS standard in VCRs (Liebowitz and Margolis 1994; David 
1999,, 2000). Other reflections on the question of sub-optimality under increasing returns 
have'beenn raised in the context of reaction control systems in nuclear power stations (Cowan 
1990),, pest control strategies (Cowan and Gunby 1996), and engines in automobiles (Foray 
1998).. The difficulty to assess optimality at the time a technology has locked-in urges the 
establishmentt of a common methodology to reconstruct competition processes between 
technologiess on the basis of data on costs, quality, and the number of adopters (Foray 1998; 
Bemdtt et al. 2000). 

Itt should further be noted hitherto empirical studies on lock-in processes mainly 
concernedd information technologies and energy technologies. Information technology relies 
heavilyy on standards to render hardware compatible with software and to facilitate exchange 
off  information within networks. For these technologies, user network externalities are 
extremelyy high. In energy technologies increasing returns also play an important role as these 
technologiess are characterised by important gains from learning-by-doing, and by large 
economiess of scale in R&D and energy transport networks. In this case, increasing returns 
primarilyy operate at the producer side. The concentration of empirical examples in 
informationn and energy technologies may not be coincidental. 

1.1.55 Hyperselection and technological succession 

Arthur'ss model illustrates the role of network externalities in the competition process 
betweenn technologies in new markets where the number of adopters is growing over time 
(e.g.,, videos, browsers, etc.). This typically reflects user externalities in cases where variants 
off  a new technology open up a new mass-market. The major drawback of the model is that it 
doess not address technological substitution where a technology that previously locked in is 
beingg replaced by a new technology {e.g., the possible future substitution of gasoline cars by 
electricc cars). In that case, the existence of network externalities may generate the incentive 
forr individual firms/consumers to stick to the old technology, even when the collective 
adoptionn of the new technology would lead to higher efficiency. 

Thee competition process between an existing technology and a new technology under 
increasingg returns to adoption has been formalised as a model of "hyperselection" by 
Brucknerr et al. (1994,1996).23 The difference between their model and Arthur's model holds 
thatt the latter model concerns technologies with an increasing number of adopters, while 
Brucknerr et al. assume a population of adopters of a given size. Furthermore, Arthur assumes 
aa linear relation between the size of the network effect and the number of adopters, while 
Brucknerr et al. assume a non-linear network effect. 

222 Empirical studies on lock-in include the history of typewriting (David 1985), VCR's (Rosenbloom and 
Cusumanoo 1987), nuclear power (Cowan 1990), electricity (David 1992), home computers (Goolsbee and 
Klenoww 20000, and web-browsers (Windrum 2001). A more general discussion including historical examples is 
providedd by Shapiro and Varian (1998). 

Ann alternative model of competition between an existing and a new technology has been proposed by Shy 
(1996).. In this model, consumer have preferences both regarding the quality of a technology and the size of the 
networkk of users of a technology. In this set-up, the network size can be both a substitute for quality and a 
complementt to quality from the perspective of users. 
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Thee competition dynamics between two technologies, i=l,2 t that are used in Nj 
productionn plants, is modelled by Bruckner et al. (1994: 79-90) by the differential equation: 

^jj-Btf-W,^jj-Btf-W, (1.7.1) 

where: : 

B.Nf+B.N B.Nf+B.N 
*o=~r ''' 'J2"'  0-7.2) 

N N 

NN = Nt+N2 (1.7.3) 

Thee stationary points of the differential equation (1.7.1) for which holds d/dt (Nf) =0, are 
threefold: : 

(i)(i)  Ni=N;N2=0 (1.8.1) 

(ii)(ii)  N,=0;N2=N (1.8.2) 

,, * », NB* », NB* 
(in)(in) N, = 2—; N2 = 1— (1.8.3) 

5 , + VV  Bi+B2 

Stationaryy points (0 and (ii)  are stable for perturbations in Ni and stationary point (Hi) is 
unstablee for perturbations in JV). 

Whenn efficiencies are equivalent (Bj = B£)t one obtains a very similar dynamic to 
Arthur'ss model. A fifty-fifty  distribution (Nj = fy) corresponds to the unstable stationary 
pointt (Hi) while any deviation from this stationary point will lead to lock-in in either 
stationaryy point (0 or (ii). 

Thee model of Bruckner et al. (1994, 1996) is the more interesting, because, contrary 
too Arthur's model, one can derive the conditions for a successful introduction of a new 
technologyy in a market dominated by an older technology. Consider the case that technology 
11 locked in (Nt = N), and technology 2 becomes available with a higher efficiency than 
technologyy 1 (Bj < B2). A shift in lock-in from technology 1 to technology 2 is only possible 
iff  the industry is "infected" with a sufficient number of production plants using technology 2, 
suchh that d/dt (N2) > d/dt (Ni). The size of infection can be derived from stationary point (Hi): 

NB. NB. 
NN22>>  x— (1.9.1) 

Bt+BBt+B2 2 

whichh can be rewritten as: 

N N 
NN22>>  (1.9.2) 
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Fromm this inequality condition, one can derive that the critical size of infection that is 
requiredd for technological substitution depends on the total number of plants N and the 
selectivee advantage (B2 / Bt) of technology 2 over technology 1. 

Thee existence of increasing returns in the model of hyper-selection illustrates the major 
implicationn of all models of network externalities: an existing inferior technology is not 
automaticallyy substituted by a superior technology when optimisation takes place by 
individuall  firms. Even though it would be better for all firms to adopt collectively the new 
technology,, each individual firm has no incentive to explore this new technology on its own. 
Notee that in the case of complete lock-in (i.e., N=l), substitution from the less efficient 
technologyy to the more efficient technology can always take place instantaneously as a single 
firmm can always opt for the technology with highest efficiency B. 

Thee normative implication of this model holds that alternative institutional 
arrangementss other than the competitive market may overcome the market failure to 
substitutee the old technology for the new technology. Public investments in technologies that 
aree considered superior when explored collectively but inferior when explored individually 
cann be legitimised on this basis (e.g., investments in electric car technology). However, 
centralisedd decision-making may lead to a state commitment to one alternative technology 
only,, leaving no room for exploring a possible third or fourth technological option later in 
timee (David and Rothwell 1996a; Walker 2000). Instead of centralising selection at the 
centrall  government level, an alternative government policy can be founded on programmes 
thatt stimulate collaborative R&D-projects between firms in attempts to generate a critical 
masss of adopters of a new technology. In such projects, both the risks of failure and the 
positivee externalities are spread among the collaborating number of firms. Note however that 
thesee policy suggestions are tentative. The mechanism through which policies operate on the 
behaviourr of agents is yet to be specified in future extended models. 

Thoughh the model by Bruckner et al (1994, 1996) illustrates well the process of 
technologicall  substitution under increasing returns, it is necessarily a simplified model. An 
importantt assumption underlying the model concerns the assumption of a homogeneous 
selectionn environment. The two technologies compete on efficiency in producing a 
homogeneouss output, as they are perfect substitutes. More often, at the time of its 
introduction,, a new technology only partially substitutes for services of the existing 
technologyy as it offers some services at a higher quality level but others at a lower level 
(Saviottii  1996). When users are heterogeneous in their preferences, a new technology may 
survivee in one niche of users that have a strong preference for services that are provided at a 
higherr level by the new technology, while the old technology survives in a niche of users that 
havee a strong preference for services that are provided at a higher level by the old technology. 
Similarly,, concerning niches related to consumer groups with different budgets, a new 
technologyy may succeed to survive in one a high-end (low-end) niche of users that pay a 
higherr (lower) price in return for better (worse) performance in services that this user group 
considerss important (less important). 

Indeed,, Griibler (1990: 202-203, 233-234) provides several examples of technological 
substitutionn processes in energy and transportation in which the technology that has become 
dominant,, initially started out as a niche application.24 For example, early railway technology 

244 In some cases, a newly introduced transport technology initially did not even compete with the existing 
technologyy but was complementary to the existing technology. This is the case when the new technology 
performss a "feeder" function to the network of the existing technology. Only after a large number of years, the 
neww technology may start to compete in services previously exclusively provided by the old technology 
(Griiblerr 1990). 
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inn The Netherlands concentrated on passenger services while inland navigation remained the 
dominantt mode of transport for goods (Fremdling 2000). Similarly, the diffusion in new 
energyy technologies such as the gas turbine and the energy-efficient lamp started out as niche 
applicationss (Islas 1997; Menanteau and Lefebvre 2000). 

Thee gradual introduction of a new technology via niches can be understood as a 
learningg process. Initially, a new technology is expensive and risky as littl e knowledge about 
itss workings has been developed. Only specific users may be willing to pay the relatively 
highh price in return to specific services it provides. During the period of niche-application, a 
neww technology can be further developed by localised investment in R&D and costs are 
expectedd to fall due to learning-by-doing. At the end of the stage of niche-application, the 
neww technology may then diffuse through other segments. 

Thiss insight has led scholars to argue that government strategies aiming at facilitating 
aa new technology, should focus on niche applications of a new technology rather than 
attemptingg to introduce a technology throughout an existing market at once. The government 
cann play a role in the creation of niche applications, for example by regulations. This niche-
strategyy has been termed "strategic niche management" (Schot et al. 1994; Rip et al. 1995; 
Kempp et al. 1998; Rip and Kemp 1998).25 

1.22 APPRECIATIVE THEORIES OF TECHNOLOGICAL EVOLUTION 

Inn this section, I review a number of "appreciative" theories for understanding technological 
development.. The notion of appreciative theories is introduced by Nelson and Winter (1982: 
46),, when they argued that economic theorising can be divided in two dominant styles: 
appreciativee theorising and formal modelling. Appreciative theorising refers to broad applied 
researchh frameworks that attempt to explain an individual case in full detail using both 
qualitativee and quantitative data (e.g., business studies, sector studies, country studies). 
Formall  models attempt to describe general economic phenomena mathematically (e.g., 
growthh models, evolutionary simulation models) including the models of technological 
evolutionn discussed in the previous section. 

Thee main motivation for the development of the appreciative theories of technological 
evolutionn has been the question why rates in productivity greatly differ across industries and 
withinn an industry over time. This question has been labelled "the differential productivity 
puzzle""  (Nelson and Winter 1975). Appreciative theories generally explain differences in the 
ratess of productivity by different stages that can be distinguished in the process of 
technologicall  development. In particular, an explorative stage in which a variety of designs 
aree researched can be distinguished from a mature stage in which one design is applied at a 
largee scale and at low costs. In the former stage most activity is devoted to product 
innovation,, while in the latter stage firms focus on process innovation. 

Thee appreciative theories discussed in this section point to a number of important 
aspectss of technological development that have not been included in formal models hitherto. 
Thesee aspects provide great challenges for formal approaches to technological development. 
Possibilitiess to integrate insights from appreciative theorising into formal models are 
discussedd in Section 1.3 and will provide the starting points for the remainder of the study. 

Ass pointed out by Rip and Kemp (1998: 386) strategic niche-management by governments can also lead to 
expensivee failures and too little competition. Furthermore, when me new technology turns out less promising as 
expected,, ending the policy programme may be difficult because of resistance of actors once supported. 
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1.2.11 The product life-cycle model 

Onee of the main appreciative theories of technological development is the product-life cycle 
model,, which was first developed as a strategy concept in marketing in the sixties (see, 
Klepperr 1997: 146-147). Subsequently, the concept has been elaborated in different branches 
off  economics. One of the first elaborated models based on the concept of product life-cycle 
wass developed in international trade theory. Vernon (1966) developed a theory in which trade 
patternss between high-wage and low-wage countries are explained by looking at the pattern 
off  technological development over time. Technological development is described by a 
"productt life-cycle". When a new product is invented, advanced knowledge is required to 
producee it and to further develop it. For this reason, the creation of new products generally 
takess place in high-wage countries with skilled labour. The level of skills and knowledge 
requiredd for production decreases over time as the product design becomes increasingly 
standardisedd and the production methods become increasingly mechanised. Product 
standardisationn and process mechanisation cause production to move to other countries, first 
too medium-wage, medium-skilled countries and finally to low-wage, low-skilled countries. 
Ass a consequence of this pattern of technological development over time, early trade in a 
productt is from high-wage to low-wage countries and gradually shifts towards trade from 
low-wagee to high-wage countries. 

II  II  HI 

Time e 

Figuree 1-4: Innovative activity over time (from: Utterback and Abernathy 1975: 645) 
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Vernon'ss (1966) theory provided an answer to the so-called Leontieff-paradox, which 
referss to empirical findings that showed that during particular periods, the United States as a 
high-wagee country exported goods that were more labour-intensive than the goods that were 
importedd (Leontieff 1953). Vernon's theory suggests that these goods were typically new 
productss based on new technologies requiring high-skilled labour. 

Utterbackk and Abernathy (1975) and Abernathy and Utterback (1978) have taken the 
conceptt of the product life-cycle as introduced in international trade theory a step further in 
theirr formulation an elaborated stage-model of industrial innovation.26 Their interest has not 
beenn to explain trade patterns among countries, but to understand patterns of technological 
developmentt and industrial structure. The original model describes technological 
developmentt in an industry in three stages, which I call here, after Williamson (1975), the 
explorativee stage, the development stage, and the mature stage. Williamson (1975: 215-216) 
characterisedd the three stages of development along a product life-cycle as follows:27 

"Three"Three stages in an industry's development are commonly recognized: an 
earlyearly explorative stage, an intermediate development stage, and a mature 
stage.stage. The first or early formative stage involves the supply of a new product 
ofof relatively primitive design, manufactured on comparatively unspecialized 
machinery,machinery, and marketed through a variety of exploratory techniques. 
VolumeVolume is typically low. A high degree of uncertainty characterizes business 
experienceexperience at this stage. The second stage is the intermediate development 
stagestage in which manufacturing techniques are more refined and market 
definitiondefinition is sharpened; output grows rapidly in response to newly recognized 
applicationsapplications and unsatisfied market demands. A high but somewhat lesser 
degreedegree of uncertainty characterizes market outcomes at this stage. The third 
stagestage is that of a mature industry. Management, manufacturing, and 
marketingmarketing techniques all reach a relatively advanced degree of refinement. 
MarketsMarkets may continue to grow, but do so at a more regular and predictable 
raterate ... (e)stablished connections with customers and suppliers (including 
capitalcapital market access) all operate to buffer changes and thereby to limit large 
shiftsshifts in market shares. Significant innovations tend to be fewer and are 
mainlymainly of an improvement variant. " 

Ass in Vernon's (1966) model, the three-stage product life-cycle model links the rate of 
productt innovation to the rate of process innovation. In the explorative stage product 
innovationn is dominant as many firms explore the new technology in various directions. 
Duringg the development stage, progressive product standardisation causes a fall in product 
innovationn and opens the way for increased mechanisation of the production process. Finally, 
inn the mature stage, both product and process innovations occur at a low rate, and 
technologicall  development slows down until a new product life-cycle is started through the 
introductionn of a radically new technology. The two curves for the rate of product innovation 
andd process innovation as given in Figure 1-4 summarise the three stages of technological 
developmentt according to Utterback and Abernathy (1975). 

266 Mueller and Tilton (1969) developed a similar model. A more recent model has been developed by Klepper 
(1996). . 
277 As quoted in Klepper (1997: 146-147). 
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Thee differences in rates of productivity growth between sectors can thus be explained 
byy looking at what stage of development a sector is in. Labour productivity rises fastest in the 
secondd stage in which many process innovations are introduced to increase the cost efficiency 
off  the production process. The resulting fall in sales price opens up the product to an 
increasingg number of consumers. 

Differencess in rates of productivity growth between countries can be explained by 
theirr sectoral specialisation. Countries specialised in sectors that are predominantly at the 
startt of product cycles, are characterised by low labour productivity and low growth, but 
attractt huge investments. Countries specialised in sectors that are predominantly at the second 
stagee of product life-cycles will experience high increase in labour productivity and high 
ratess of growth. Finally, countries specialised in sectors that are predominantly at the mature 
stagee of product cycles, wil l no longer attract investment and no longer generate productivity 
increasess and growth. In the latter case, the development of new product life-cycles through 
thee introduction of new product technologies is pivotal for sustained economic development 
(Pasinettii  1983; Freeman and Perez 1988). In this view, the understanding of economic 
growthh at the macro level thus requires an understanding of the process of technological 
developmentt at the sector level. 

1.2.22 Dominant design: the interplay between product and process innovation 

Ann important aspect of the product life-cycle model is that it relates the rate in product 
innovationn with the rate in process innovation. After an explorative period of experimentation 
withh different product varieties, product standardisation opens up opportunities for 
investmentss in large-scale production technologies. More efficient process technologies allow 
forr lower sales price of the dominant design triggering mass-demand. Alternative designs 
producedproduced in smaller quantities are no longer competitive in price. The two trends of product 
standardisationn and process mechanisation can be mutually reinforcing, which would explain 
thee sudden transition from technological variety to product standardisation in what is called a 
"dominantt design" (Abemathy and Utterback 1978). 

Perhapss the best known example of a standardised design has been the T-Ford model 
thatt conquered the American car market. This design introduced in 1908 has been the prime 
examplee of the dominant design concept in the works of Abemathy and Utterback (1978), 
Abemathyy (1978), Clark (1985) and Klepper (1997). The design was not so much 
characterisedd by the many product innovations as such, but by its recombination of existing 
componentt technologies that were previously used in different car designs, but were never 
putt together in a single architecture. The T-Ford was further characterised by its simplicity of 
production,, maintenance, and use. It made possible the introduction of mechanised 
productionn systems with a large degree of division-of-labour and a low requirement of high-
skilledd labour. 

Thiss development led to rapidly falling prices, which made car technology available 
forr lower incomes. Ass Langlois and Robertson (1992: 298) put it: 

"The"The undifferentiated, no-frills product may not have suited everyone's, (or, 
indeed,indeed, anyone 's) tastes exactly. But the progressive reductions in price that 
longlong production runs made possible brought the Model T within the budget 
constraintsconstraints of a growing number of people who were willing to accept a 
relativelyrelatively narrow provision of attributes rather than do without. " 
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AA number of other examples of dominant designs include watches (Landes 1983), typewriters 
(Davidd 1985), tractors and aircraft (Sahal 1985), televisions, TV tubes, transistors and 
electronicc calculators (Utterback and Suarez 1993) and other product technologies (see, for 
ann overview, Murmann and Tushman 1998). A number of these cases wil l be discussed in 
moree detail in Chapter 4 of this study. 

Thee automobile example makes clear that the assembled nature of car technology 
containingg many components is central to the description of its technological development. 
First,, the dominant design emerged from a recombination of existing component 
technologies,, which has also be stressed in studies on other dominant designs (Sahal 1985; 
Murmannn and Tushman 1998). Second, mechanisation of production processes in large-scale 
factoriess is especially suited for products that are assembled by joining different parts that can 
bee constructed independently and in parallel, or that can be bought as input from a specialised 
supplier.. Thus, the recombinatorial nature of the dominant design and the potential for 
mechanisationn of production holds especially for assembled products that are made out of 
severall  components. The concept of dominant design and the theory of the product life-cycle 
thereforee primarily refer to assembled products (Klepper 1997; Murmann and Tushman 
1998). . 

1.2.33 Technological successions 

AA second important aspect of the product life-cycle model is the cyclical nature of 
technologicall  development in successions of product life-cycles. The life-cycle metaphor 
referss to the notion that a particular dominant design cannot be improved ad infinitum, but 
thatt its development comes to an end. The return on R&D-investment falls, as it becomes 
increasinglyy harder to scale a technology using a standardised set of design principles. 
Improvementss in cost-efficiency of the production process and in the performance of the 
productt can only proceed economically up to some particular levels. Above these levels, 
whichh can only be found through experimentation, the rate of return no longer justifies 
furtherr investments in R&D. At this stage, a radical change in technology and underlying 
scientificc knowledge is often required to increase performance even further. As Sahal (1985: 
62)) formulated it: 

"(t)he"(t)he point of departure of the theory advanced here is the well-known 
observationobservation that change in size of an object beyond a certain point requires 
changeschanges in its form and structure as well. " 

Accordingg to Sahal (1985), these limits to improvements in a dominant design are due to the 
naturee of systemic interactions between elements in assembled products. Beyond certain scale 
thresholds,, the non-linearity between technological variables imposes limits to scaling within 
aa particular design configuration. A particular design can only function in particular ways 
withinn certain ranges of scale of variables. 

Forr example, as Sahal (1985: 64-65) explained, the propeller engine life-cycle in 
aircraftt development came to an end when it was understood that aircraft became 
increasinglyy noisy and inefficient as the tips of propellers approached the speed of sound, 
thuss restricting further scaling of speed limits. Furthermore, vibration causing metal fatigue 
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tendedd to rise exponentially with the increase in engine power required to raise speed levels. 
Att this stage, some designers started to develop alternative aircraft technologies including 
aircraftt based on turbopropeller engines, rocket engines, and jet engines. The jet engine 
technologyy eventually provided the basis of a new product life-cycle, during which 
performancee of aircraft technology was scaled again. To illustrate this development in 
aircraft,, the speed frontier during the two product life-cycles in aircraft (piston propeller 
basedd and jet based) are plotted in Figure 1-5. 

Sahall  (1985) also gives the example of limits that have been encountered in up-
scalingg the height of fractionation towers in petroleum refining. These limits were due to non-
linearr increases in supports required for the distillation tray. Another example of scaling 
limitss provided by Sahal (1985) concern the limits encountered and solved in the 
miniaturisationn of dominant designs in electronic devices. These are due to rising complexity 
inn interconnections between electronic components when made smaller. Grübler (1990,1998) 
providess other examples of successions of product life-cycles in shipping, railway, and 
energyy sectors that were induced by technological limits that, once encountered, give way for 
neww product life-cycles to emerge. 

Scalingg is often said to be characterised by "a logic of its own" (Rosenberg 1969; 
Davidd 1975; Nelson and Winter 1977; Dosi 1982; Sahal 1985; Hughes 1987). In studies on 
scalingg patterns the systemic nature of components in technological systems has been central. 
Scalingg of performance through changes in components partly self-defines an agenda for 
problem-solving.. The complexity of relations between interdependent parts in a system 
"involvee an almost compulsive formulations of problems" (Rosenberg 1969 [1976]: 111). 
Imbalancess guide designers to focus innovation on the bottleneck component, which has to be 
improvedd in order to realise the full potential of other parts. Once a bottleneck has been 
eliminated,, further scaling creates imbalances in yet other elements, which further guide the 
developmentt of the technology. In this context, Hughes (1987) speaks of "reverse salients" 
thatt refer to components in a system that are in need of modification to optimise the overall 
performancee of a system. "Until the lagging components can be altered, often by invention, 
theyy are reverse salients" (Hughes 1987: 73). In other words, dependencies between 
componentss in complex systems generate internal "focusing devices" (Rosenberg 1969), 
whichh lead designers to focus innovative activity on particular elements at particular stages of 
development. . 

Rosenbergg (1969) gives as an example the development of cars. The early car 
basicallyy stems from the substitution of horsepower by engine power in carriages. Once the 
(gasolinee engine) car emerged, it also induced innovation in many other parts including 
breaks,, windows, chairs, etc. as to improve comfort and ensure safety at higher speed levels. 
Ass engines became even more powerful, new problems arose in pollution levels, which in 
turnn have been counter-acted by the introduction of catalytic converter. Thus, a series of 
innovationss in other elements were required to exploit the full potential of gasoline-engine 
carr technology. This series of innovations could, however, well have been very different if 
carss would have been based on electric engines or steam engines. In the same way, 
Rosenbergg (1969) describes the evolution of cutting machine tools as a series of changes in 

288 In this context, Constant (1980) introduced the concept of a presumptive anomaly in his study of the end of 
thee propeller engine life-cycle and die advent of the jet engine life-cycle in aircraft. Anomalies induce research 
inn radically different directions, as it becomes clear to designers that further scaling of the existing dominant 
designn is increasingly difficult. 
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fourr types of components that function interdependently, the cutting device, frame 
components,, transmission components and control components.29 

Ass argued by Klepper (1997) and Murmann and Tusnman (1998), the product life-
cyclee is indeed not intended to cover the innovation dynamics of non-assembled products in 
whichh elements cannot be distinguished, such as chemicals and medicines. It should be clear 
thatt the product life-cycle model deals primarily with innovation in complex assembled 
products.products. The scaling of these products proceeds in successions of periods during which core 
elementss do not change (e.g., gasoline engine). A dominant design can thus be considered as 
referringg to a set of technical features of product designs that remains invariant over time. 

1.2.44 The co-evolution of technology and industrial structure 

AA third important aspect of the product life-cycle model concerns the relation between 
innovationn dynamics and industrial dynamics. At different stages of technological 
development,, different patterns in industrial structure are expected to emerge. These 
structuress in turn feed back on the process of technological development. In this context, one 
speakss of co-evolution between technological development and industrial structure (Nelson 
1994b). . 

Industriall  structure in product life-cycle models is generally expressed by the change 
inn number of participating firms in an industry over the product life-cycle. In the context of 
studiess on the patterns in industrial dynamics during the product life-cycle, some scholars 
speakk of an "industry life-cycle" (Klepper 1997), which can be described according to the 
samee classification of the product life-cycle in three stages of development. 

InIn the first explorative stage, many small firms enter the industry reflecting high 
expectationss regarding technological opportunities laid down by the founding innovations as 
welll  as the high expectations regarding future demand. The technology and demand of 
consumerss are still poorly understood. At this stage, large firms do not yet have economic 
advantagess over small firms in the organisation of production and of R&D. Progressive 
standardisationn in product design in the second stage triggers innovation in process 
technologiess in order to realise more scale-economies in production to serve an expanding 
demand.. The increase in economies of scale and learning-by-doing in production combined 
withh learning economies in R&D, lead to a rapid rise in the minimum efficient scale. As a 
result,, entry barriers increase that limit further entry, and exit is rapidly increasing through 
severee price competition. This "shake-out" phenomenon leads to a rapid fall in the number of 
participatingg firms, and the industry is transformed into an oligopoly. In the mature stage, the 
oligopolyy structure in maintained as the high fixed of large-scale production and distribution 
implyy high barriers to entry. 

Thee cyclical pattern in industrial organisation of industries has also been related to the 
workss of Schumpeter. The stage in which many small firms are present in the industry has 
beenn labelled as "Schumpeter Mark I" and the stage where few firms dominate the industry 
ass "Schumpeter Mark II " (Kamien and Schwartz 1982; Malerba and Orsenigo 1996). 

Anotherr  example of "technological imbalances"  in a complex technological system has been the series of 
innovationss occurring in jet aircraft engine technology after  the introduction of digital control sub-system 
(Prencipee 2000). Substitution of pneumatic and analogue control by digital control forced designers to change 
manyy other  elements in jet engines to render  the new elements compatible with the working of digital control 
component. . 
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1980 0 

Figuree 1-5: Maximum speed of propeller aircraft life-cycle and jet aircraft life-cycle 
(diamondss = propeller aircraft ; squares = jet aircraft). Source: Jane's (1978, 1989) 

1980 0 

Figuree 1-6: Number of firms active in the aircraft industry. Active firm is defined as a firm 
thatt has introduced at least one product during a ten-year period. Source: Jane's (1978, 1989) 
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Schumpeterr Mark I refers to Schumpeter's (1934) writings on the pivotal role of 
entrepreneurss in introducing new technologies and creating markets. Their "new 
combinations""  upset existing mature technologies in a process of creative destruction, 
replacingg one product life-cycle with the next. Thus, their role is most important in the 
startingg phase of the product life-cycle. Schumpeter Mark II refers to Schumpeter's (1942) 
emphasiss on the important role of R&D laboratories of large corporations for science-based 
innovation.. Large corporations incorporate size-related advantages in R&D, production and 
distributionn and create barriers to entry for new firms. Their role in technological 
developmentt is especially important in the standardisation phase of the product life-cycle. 
Thus,, both Schumpeterian theses on the relation between innovation and market structure are 
incorporatedd in the product life-cycle model. 

Thee relation between the rise and fall in the number of participating firms and product 
life-cyclee patterns in innovation has been researched empirically in many industries (e.g.t 
Gortt and Klepper 1982; Utterback and Suarez 1993; Klepper and Simons 1997; Breschi et al. 
2000).. These studies wil l be discussed in detail in Chapter 4. The following two examples of 
thee automobile industry and the aircraft industry may suffice here. 

Inn the early development of car technology in the late nineteenth century, many firms 
weree founded and many different designs were explored. At the time of introduction of the T-
Fordd model in 1908, the number of U.S. car producers peaked with over 250 firms. From that 
yearr onwards, the number of car producers started to fall steadily to less than 20 firms around 
19400 (Klepper 1997:154-156; Klepper and Simons 1997: 388). The same trend in shake-outs 
inn car industries has been observed in the UK, France, and Germany during the same period 
(GrUblerr 1998: 53). With the size of the car market rapidly growing, this fall in the number of 
firmsfirms indicates a very strong rise in the minimum efficient scale of production as a 
consequencee of the innovation in mechanised process technologies. 

Similarly,, in the early development of aircraft technology at the start of the twentieth 
century,, many firms were founded. At the time of introduction of the Douglas DC-3, which is 
consideredd the dominant design, the number of firms fell rapidly. After the introduction of jet 
enginee technology creating a second product life-cycle, the number of firms slightly 
increased,, and subsequently fell again around the sixties indicating the emergence of a second 
dominantt design. This pattern in industrial dynamics is illustrated by Figure 1-6 in the 
numberr of firms participating in the world aircraft industry has been plotted for the period 
betweenn 1913 and 1984. 

1.2.55 Similar concepts: trajectories and paradigms 

Nelsonn and Winter (1977) and Dosi (1982) have proposed concepts similar to the product 
life-cyclee and the dominant design concept. Nelson and Winter (1977) approach the subject 
fromfrom the point of view of firms. They start from Simon's (1955, 1969) assumption of 
boundedd rationality regarding the pay-off of R&D investment instead of the neoclassical 
assumptionn of perfect foresight regarding the pay-off of R&D investment. The assumption 
thatt firms are bounded in their rationality means that they cannot predict in advance in which 
technologyy R&D investments wil l yield the highest return. Instead, firms apply "heuristics" 
whenn looking for improvements in product performance or cost-efficiency. Firms need these 
heuristicss to select among the many possible alternatives when testing all alternatives is too 
costly. . 
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Thee main heuristic that firms apply is to look for incremental improvements in the 
"proven""  technology currently in use by changing only few elements in this technology, 
ratherr than to look for radically new solutions. Put another way, designers primarily engage 
inn localised technological development by means of introducing incremental changes in 
establishedd designs that has proven to work in past. In Chapter 2 of this study, this principle 
iss further discussed and illustrated using a simulation model. 

Thee concept of a "natural trajectory" refers to the heuristics that are applied to 
improvee a particular dominant design by means of a long series of small, cumulative 
innovations.. Nelson and Winter (1977: 56) describe natural trajectories as: 

"heuristics"heuristics that apply when a technology is advanced in a certain direction, 
andand payoffs from advancing in that direction that exist under a wide range of 
demanddemand conditions. We call these directions 'natural trajectories'." 

Heuristicss make up a "technological regime", which refers to the cognitive foundations of a 
naturall  trajectory. Nelson and Winter (1977: 57) describe heuristics as: 

"beliefs"beliefs about what is feasible or at least worth attempting." 

AA dominant design can be understood as embodying these beliefs as it standardises a number 
off  key features of a product technology. The series of incremental innovations that improve 
thee performance and cost-efficiency of a dominant design, make up a natural trajectory. Not 
coincidentally,, both Abernathy and Utterback (1978) in their discussion of the dominant 
designn concept and Nelson and Winter (1977) in their discussion of natural trajectory 
mentionn the series of Douglas DC-aircraft that were based on the principles laid down by 
DC-33 design. 

Thee concept of technological paradigm as introduced by Dosi (1982) also refers to a 
stablee set of technological heuristics using a number of standardised technological elements. 
Analogouss to the concept of scientific paradigm introduced by Kuhn (1962) to describe 
heuristicsheuristics in scientific research, Dosi (1982:152) defines a technological paradigm as: 

""  'model' and a 'pattern' of solution of selected technological problems, 
basedbased on selected principles and on selected material technologies. " 

And,, analogously to Kuhn (1962 [1970])), one can speak in this context of an "exemplar" as 
aa standard design that provides both evidence of the success of the paradigm and solutions to 
technicall  problems. The concept of exemplar is close the dominant design concept introduced 
byy Abernathy and Utterback (1978) to mark the transition from many varieties to a 
standardisedd design concept. The cumulative series of innovation within a technological 
paradigmm creates what Dosi (1982) calls a "technological trajectory", a concept similar to that 
off  natural trajectory. Along a trajectory, the product technology is improved by incremental 
innovationss that raise the performance in particular functional dimensions (e.g., size, speed). 

Followingg Lakatos' (1970, 1978) work on the evolution of scientific research 
programmes,, Dosi (1982: 152, nl6) distinguishes between positive heuristics ("do's") from 
negativee heuristics ("don'ts"). In the context of technological problem-solving, positive 
heuristicss concern the elements of a technology, which are object of change while negative 
heuristicss refer to those elements that are considered fixed. The specific content of heuristics 
thatt guide innovative activity within a technological paradigm is specific to each paradigm. 
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Thoughh the content of each research program is specific to each paradigm, Nelson and 
Winterr (1977) argue that there exist at least two heuristics that guide innovative activity in 
thee majority of technological paradigms. One heuristic is mechanisation and relates to 
processs innovations that improve the cost efficiency of the production process. Another 
heuristicc is scaling and relates to product innovations that improve the quality of products. 

Thee heuristic of mechanisation of the production process aims at reducing production 
costs,, in particular labour costs. Scale economies are increased by large-scale division-of-
labourr in production on the basis of standardised production routines.30 The standardisation 
off  product designs facilitates the introduction of standardised production routines. The 
emphasiss of Nelson and Winter (1977) on mechanisation is clearly in line to with the product 
life-cyclee theories proposed by Vernon (1966) and Utterback and Abernathy (1975). In both 
theories,, product standardisation opens up opportunities for process innovation in large-scale 
mechanisedd production systems. 

Thee second heuristic concerns the scaling of performance of product technology in a 
seriess of incremental product innovations. Convergence of beliefs and standardisation in 
designn greatly facilitate incremental and cumulative product innovations. The importance of 
thiss heuristic is in line with the previous discussion of scaling of a dominant design (Sahal 
1985).. A natural trajectory can be expected to end when limits to scaling are encountered. At 
thatt point, research is induced in radical innovations leading to new product life-cycles. 

Inn my opinion, it is important to recognise that the concept of heuristic and paradigm 
doo not relate to the technology itself, but to the way in which designers search for 
improvementss of a technology. Heuristics are not imperatives that "naturally" follow from 
thee technology used. The artefact can be considered a unit of analysis in analysing 
technologicall  development, but the changes in artefact follow from heuristics that are 
developedd and reproduced by the community of designers (Constant 1980; MacKenzie 1992; 
Vann Lente 1993). Thus, when scaling is said to follow a systemic "logic of its own", it should 
bee taken to mean that heuristics designers apply, are stable. 

Thee concept of self-fulfilling prophecies helps to explain the stabilisation of heuristics 
overr long periods of time and the persuasive character of technological paradigms (Van Lente 
1993).. Once the beliefs of engineers tend to converge to a single set of principles, spin-off of 
resultss is higher and faster within the network of developers contributing to positive network 
externalities.. This in turn leads to larger investments and a higher rate of innovation thus 
furtherr enhancing the persuasiveness of the trajectory.31 

Rosenbergg (1969) argued on the basis of historical study that firms not onlyy mechanise technologies to reduce 
totall  costs, but may also be motivated to decrease the dependence on skilled labour  which is generally a 
powerfull  party in wage bargains. 

11 An example of a self-fulfillin g prophecy concerns Moore's Law. This "law"  of scaling concerns an empirical 
regularit yy found in 1964 by Moore of an annual doubling of the number  of components on a state-of-the-art 
microchipp (MacKenzie 1992: 30-31). Van Lente and Rip (1998) argued that once mis regularity was found by 
Mooree in 1964 on the basis of a five-year  trend starting in 1959, the law became self-fulfillin g as firms:  "direct 
theirtheir efforts towards achieving the predicted values. Laboratories evaluate and plan their efforts in terms of 
Moore'sMoore's Law; when there is a danger of specifications falling short at the predicted moment, extra effort is 
expended"expended" (Van Lente and Rip 1998: 206). Therefore, the term "natura l trajectory"  may be misleading since it 
bearss the connotation as being independent of people's beliefs. This critique, however, only refers to the 
connotationn of "natural" . Nelson's and Winter' s (1977) above definition of a technological regime in which a 
naturall  trajectory occurs precisely points to the cognitive and inter-subjective nature of expectations regarding 
thee potential of a natural trajectory. Of course, as MacKenzie (1992) himself has stressed, prophecies are not 
automaticallyy self-fulfillin g since many predictions prove false. Prophecies must be compatible with underlying 
technology,, market demand, and embedded infrastructures. An example of a wrong prediction has been the 
predictionn that in post-war  U.S. every household would soon have a family helicopter  (Taylor  1995:164). 
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1.33 TOWARD A COMPLEX SYSTEMS APPROACH 

Thee evolutionary models discussed in Section 1.1 are by no means incompatible with the 
appreciativee theories discussed in Section 1.2. Similarities between the two approaches have 
beenn recognised by several scholars including David (1985, 1993), Anderson and Tushman 
(1990)) and Saviotti (1996). For example, Atkinson and Stiglitz's (1969) concept of 
technologicall  development as a localised, cumulative process of incremental innovation is in 
linee with innovation patterns within a dominant design in the later stages of the product life-
cycle.. Once a dominant design is established, it localises innovation within the dominant 
designn and tends to exclude innovation in technologies based on radically different principles. 
Similarly,, the lock-in model can be related to the product life-cycle model as it illustrates 
analyticallyy the emergence of a dominant design. A dominant design typically emerges 
throughh increasing returns to its adoption due to learning-by-doing efficiencies and network 
externalitiess associated with standardisation. However, though the formal models relate to the 
findingss of appreciative theories, a number of important insights that have come from 
appreciativee theories are yet to be made subject of formal modelling. An inventory of these 
insightss provides one with elements for a new formal model of technological development. 
Lett me restrict the discussion to three major issues, which will form the starting points of a 
neww model developed in the following chapters of this study. 

1.3.11 Critique 

CritiqueCritique 1: The first issue that has been largely ignored in analytical models, both in the 
neoclassicall  and in the evolutionary tradition, concerns the conceptualisation of technology as 
ann assembled and complex system of interrelated elements. In contrast, appreciative theories 
stresss that technological change is best understood as a series of cumulative innovations in 
particularr elements that make up an assembled system. Due to the complexity of 
interrelationss between elements in a technological system, changes in one element generate 
unexpectedd imbalances in other parts of a technology. This induces further innovation in 
thesee parts, which in turn creates imbalances in yet other parts (Rosenberg 1969; David 1975; 
Hughess 1987). An evolutionary understanding of innovation will require a complex systems 
modell  in which the complex dependencies between parts channel its future development. 

CritiqueCritique 2: The second issue that is largely ignored in modelling is the use of heuristics by 
designers.. In neoclassical theory, the assumption of perfect foresight regarding the pay-off of 
R&DD investment neglects the uncertainty inherent in innovation processes. However, the 
assumptionn of randomness in the majority of evolutionary models misses the point that, 
althoughh inherently uncertain in its outcome, the innovation process is guided by heuristics 
focusingg R&D rather specific directions. Thus, although designers can not decide perfectly 
rationall  in what directions to search, they are neither expected to search in a purely random 
manner.. Their search behaviour is thus best characterised as bounded rational (Simon 1955, 
1969).. The important research question then becomes what type of heuristics designers apply 
too search in an intelligent, non-random way without assuming that they are perfectly 
informedd about the odds of success and failure of different options. 
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CritiqueCritique 3: Finally, the third issue that is largely ignored in modelling is product innovation. 
Instead,, models have been concentrated on process innovation, which can partly be 
understoodd as a logical consequence of the input-output representation of technology 
(Coombss et al. 1987). Since technologies are described by their combination of inputs 
requiredd to produce a homogeneous output, competition is modelled as being based solely on 
relativee process efficiency in producing this good. Naturally, innovation in these models in 
restrictedd to process innovation that raises the cost efficiency. Although a product 
characteristicss approach has been developed to specify the dimensions in which 
heterogeneouss goods can differ (Lancaster 1966, 1971, 1979, 1990), models of product 
innovationn addressing changes in the quality of products and the variety of products have 
onlyy rarely been developed. Some exceptions exist in neoclassical models that address 
optimall  product variety in a static sense (Thisse and Norman 1994), and in evolutionary 
modelss on branching processes of technology into different product varieties over time 
(Saviottii  1996; Windrum and Birchenhall 1998; cf. Kwasnicki 1996; Malerba et al 1999). 

1.3.22 Objective of the study 

Thee main objective of the study is to develop a model of product innovation in complex, 
assembledd products and to analyse product evolution of specific technologies in an empirical 
framework.. To this end, I wil l elaborate on an existing formal model of complex evolving 
systems.. The model concerns the NK-model developed by Kauffman (1993) and Altenberg 
(1997).. In this model, several heuristic search algorithms can be modelled. One can also 
theorisee about the conditions for the emergence of a dominant design during the product life-
cycle,, and its effects on innovation patterns and product variety. Furthermore, I wil l use the 
modell  as a basis for empirical studies on patterns in product variety over time using an 
approachh that describes the functionality of products by a bundle of characteristics (Lancaster 
1966,1971,1979,1990;; Saviotti 1988a, 1996). 

Thee model that will be developed in this study, can be summarised by the following 
threee features: 

1.. Technology is not considered as a "black box" and its functionality is not represented 
solelyy by cost efficiency. Instead, the unit of analysis taken in this study is technology as 
ann artefact, both in form and function. An artefact is described technically as an 
assembledd complex system of interrelated elements and functionally as a bundle of 
qualityy characteristics from which users select. 

2.. Technologically, the range of possible technologies is constrained only by the number of 
combinationss between possible elements. Economically, the range of possible 
technologiess is constrained by user preferences and production costs. 

3.. The combinatorial nature of innovation in assembled products poses a problem of 
complexity.. The number of possible combinations increases exponentially with the 
numberr of elements in a product. Designers are expected to apply "heuristics" that 
concentratess search activity in particular parts of a complex technological system at 
particularr stages of development. 
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Usingg the model, the interplay between product and process innovation can be addressed. 
Productt innovations increase the quality of products and the degree of product differentiation 
ass expressed by the values of characteristics of products. Process innovation in turn limits 
productt differentiation as an increase in economies of scale of particular products eliminates 
"niche""  products produced in small quantities. A dominant design can thus be understood as 
aa result of an increase in economies of scale in the production of few variants only. 

Thee three features listed above summarise the approach developed in this study. The 
inclusionn of these features in a comprehensive model of product evolution in complex 
systemss aims to render formal modelling more compatible with insights from appreciative 
studies.. Moreover, the model allows one to address new questions and propositions regarding 
thee rate and nature of technological development. 

Thee model of product innovation in complex systems not only forms the basis of the 
modellingg part of this study, but also underlies the empirical methodology that is developed 
laterr on in this study. The empirical methodology is based on entropy statistics. In short, 
entropyy is a variety measure. Maximum variety in product designs is constrained by the 
maximumm possible combinations of its elements, while minimum variety occurs when all 
productss are based on one and the same combination of elements. The framework of entropy 
statisticss thus fits the combinatorial nature of the NK-model of complex systems. 

Thee entropy methodology is applied to data on elements incorporated in aircraft, 
helicopters,, motorcycles and microcomputers to describe the patterns of technological 
developmentt in these four artefacts. Moreover, data on quality characteristics are used to 
measuree the degree of product differentiation in terms of niches. In this way, one is able to 
linkk patterns in technological development to the creation and disappearance of market 
segments. . 

1.3.22 Organisation of the study 

Thee study is divided into four parts. Part I contains this Chapter 1, in which I discussed a 
selectedd number of models and appreciative theories of technological development. From this 
discussion,, I concluded that there is a gap between current modelling approaches and 
appreciativee studies and I outlined aspects of a new evolutionary model based on complex 
systemss theory. 

InIn Part II of the study, a new evolutionary model of complex technological systems is 
developed,, which includes Chapter 2, Chapter 3, and Chapter 4. In Chapter 2, the NK-model 
off  complex systems developed by Kauffinan (1993) is taken as the main point of departure. 
Thoughh originally developed as a model of biological evolution, it is shown how the NK-
modell  can be used as a model of technological evolution. Using this model, it is shown that 
innovationn in a complex systems is best represented as following a heuristic procedure 
insteadd of following an optimising procedure as assumed in neoclassical models or a random 
proceduree as generally is assumed in evolutionary models. 

InIn Chapter 3, I elaborate the NK-model into a generalised model of complex 
technologicall  systems by representing the user environment as selecting technological 
variantss on the basis of multiple quality characteristics. Using this model, product 
differentiationn can be represented as an interaction between producers and users leading to 
innovationn in elements that improve particular characteristics that are highly valued by a 
specificc user group. Moreover, an analytical classification of four different types of 
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innovationn is proposed based on the scheme of Henderson and Clark (1990), which includes 
architecturall  innovation, radical innovation, modular innovation, and incremental innovation. 

Inn Chapter 4,1 discuss the product life-cycle concept in the light of the generalised 
NK-modell  of complex systems as developed in Chapter 3. From an extensive review of 
empiricall  studies of the product life-cycle model, I conclude that an important anomaly of the 
modell  concerns the dynamic of product innovation. Empirical studies show that the rate of 
productt innovation generally does not fall as predicted by the product life-cycle model. This 
anomalyy can be explained by the generalised NK-model. A dominant design as indicated by 
standardisationn of "core" elements in a complex system does not preclude innovation in 
"peripheral""  elements to continue in the course of a product life-cycle. 

PartPart III  of the study (Chapter 5, Chapter 6, Chapter 7, and Chapter 8) contains four 
empiricall  studies of technological development. In Chapter 5 the entropy methodology is 
developedd and applied to data on aircraft and helicopter designs. Using the entropy 
methodology,, the degree and nature of product variety over the product life-cycle can be 
indicatedd as well as the degree of specialisation of firms in one or more technological 
trajectories. . 

ChapterChapter 6 concerns a study on product variety in the aircraft, helicopter, motorcycle 
andd microcomputer industries. Two variety measures are used to map the changes in 
dispersionn of technologies used and in the range of services provided. In this way, one is able 
too link the rate of change in technological variety with the rate of change in market niches. 
Forr aircraft, helicopter, and motorcycle technology, these patterns can be well explained by 
ann evolutionary theory that relates technological variety to scope for niche creation. However, 
forr microcomputers this relation did not hold, which suggests that particular characteristics of 
computingg have to be taken into account to understand the evolution of this industry. 

InIn Chapter 7, the topic of scaling, which has also been addressed in this Chapter 1, is 
elaborated.. On the basis of an analysis of scaling trajectories at both the firm level and the 
industryy level for civil aircraft technology, we attempt to relate micro-level product 
developmentt strategies of firms to macro-level developments that take place at the industry 
level.. An important conclusion will be that successful firm strategies in product development 
aree different across the stages of the product life-cycle. 

ChapterChapter 8 concerns a study on international specialisation patterns in technology-
market-countryy combinations in the world aircraft industry. In this study, it is shown how the 
originall  NK-model of complex systems as described in Chapter 2 can also be applied as a 
networkk model to understand international specialisation as a consequence of interrelated 
strategiess in networks of between producers, consumers and governmental bodies. Once joint 
strategiess prove successful, networks tend to become interlocked. This is evidenced by 
empiricall  results that show that the degree of specialisation has risen substantially in the post-
warr period. 

Inn Part IV, summary and conclusions are provided in Chapter 9. A number of topics for 
furtherr research are discussed, in particular concerning new avenues in modelling the 
evolutionn of complex technological systems and in the use of variety measures in empirical 
research. . 
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Chapterr  2 

Complexityy and decomposability in the NK-model 

Evolutionaryy economists introduced new concepts that break with the framework of 
neoclassicall  economics. As discussed in Chapter 1, important features of the evolutionary 
perspectivee on technology include localised technological change and heterogeneity in firms' 
choicee of technology. However, the majority of evolutionary economists tend to follow 
neoclassicall  economists in representing technology simply as a coordinate in capital-labour 
spacee (Nelson and Winter 1982; Winter 1984; Silverberg et al. 1988; Andersen 1994; Jonard 
andd Yildizoglu 1998; Oltra 1998). Following this representation, technology is characterised 
byy the required inputs to produce a particular output, and competition between firms is based 
onn relative cost-efficiency. In these models innovation is thus restricted to improvements in 
processs technologies that increase a firm's cost-efficiency in producing a given homogeneous 
output. . 

Inn this study, an alternative approach to modelling innovation is followed, which is 
basedd on a combinatorial logic. New variations in technology can be considered as tgnew 
combinations""  between element technologies (cf. Schumpeter 1934). In this representation 
innovationn can be described as mutations in particular elements of a complex technological 
system.. This conceptualisation of innovation is analogous to the occurrence of new 
combinationss between genes in a genome. The central objective in this chapter and the next 
chapterr is to develop a combinatorial evolutionary model of complex technological systems. 
Usingg this model, I am able to address the three issues listed in the previous chapter that I 
considerr underdeveloped in formal models: technological complexity, search heuristics, and 
productt innovation. 

Thee model developed here is based on Stuart Kauffman's NK-model, which was 
originallyy developed as a model of biological evolution of complex organisms (Kauffman and 
Levinn 1987; Kauffman 1989,1993; Kauffman and Johnsen 1991). In the biological model, the 
complexityy in organisms stems from the interdependency in the functioning of genes. A 
similarr type of complexity concerns the interdependent working of its constituting elements 
inn complex technologies (Rosenberg 1969; Simon 1969). This similarity has provided the 
basiss of transferring the NK-model from the biological realm to the economic realm 
(Kauffmann 1988, 1993, 2000; Kauffman and Macready 1995; Frenken et al 1997, 1999a; 
Caminetii  1999; Auerswald etal 2000; Kauffman et al 2000; Valente 2000; Frenken 2001a). 

II  first explain how one can use the NK-model to study innovation as a process of 
experimentationn with new combinations between element technologies. The test cycle 
proceedss as a trial-and-error algorithm generating new variations by mutation and evaluating 
thesee according to a fitness function. When a new variation is found superior to an earlier 
one,, the latter is rejected and the former is accepted. In this way, technological evolution can 
bee modelled as a process of mutation and selection analogous to biological evolution. 

Thoughh biological analogies have provided powerful heuristics in economic 
theorisingg on technological change, important differences exist between the evolution of 
organismss and the evolution of technological systems. The transfer of ideas and models from 
biologyy to economics should therefore be done carefully and reflexively. The differences 
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betweenn the systems of reference should always be borne in mind (DeBresson 1987; Nelson 
1995).. The advantage of using the NK-model stems from its formal nature, which enables 
onee to study both the similarities and differences between biological and technological 
evolution. . 

Onee difference between biological and technological evolution concerns the 
possibilityy of imitation of designs among agents. In the economic context, imitative strategies 
off  firms have been distinguished from innovative strategies of firms (Alchian 1950; Nelson 
andd Winter 1982). Under particular conditions, imitation can be more successful than 
innovationn since the imitating firm bears less R&D expenditures. However, on the basis of 
thee NK-model it can be shown that imitation is expected to be less successful the more 
complexx the technology that is imitated (Rivkin 2000). 

AA second difference, which is elaborated more extensively in this chapter, concerns 
thee scope for mutation in biological evolution and technological evolution. New variations of 
organismss occur through random mutation in a single gene ("local search"). New variations 
off  technological designs can occur through random mutation in whatever number of 
elements.. In principle, human search for technological designs can apply to all elements of a 
systemm at the same time ("global search"). Thus, search in technological systems need not be 
localisedd per se as assumed by evolutionary economists. Rather, the assumption of local 
searchh requires a theoretical explanation. I consider this a central question, since one of the 
mainn differences between evolutionary economics and neoclassical economics is the concept 
off  localised innovation as discussed in Chapter 1. 

AA third difference between technological and biological evolution is the relationship 
betweenn mutation and selection. In biology, mutation is independent with regard to prevailing 
selectionn conditions. It occurs erratically and randomly. By contrast, in economic life, the 
selectionn environment can initiate and direct innovation since producers can interact with 
userss (e.g., Rosenberg 1969; Van den Belt and Rip 1987). Using a representation of the 
selectionn environment in terms of different user groups, a heuristic can be formulated that 
directss innovative activity to particular areas of the "design space" depending on the user 
groupp in question. This topic is taken up in the Chapter 3. 

2.11 KAUFFMAN'S NK-MODEL 

Complexx systems can be defined as systems containing elements that have many interactions 
(Simonn 1969 [1996]: 184-184). The evolutionary properties of complex systems have been 
subjectt of research in theoretical biology (Monod 1971; Kauffrnan 1989, 1993; Altenberg 
1995,, 1997; Wagner and Altenberg 1995). In biology, one distinguishes between the 
genotypee and the phenotype of an organism. At the level of the genotype mutations occur that 
leadd to new variants in a population. At the level of the phenotype, which is the ensemble of 
traitss that make up an organism's fitness, natural selection operates in terms of differential 
ratess of reproduction. Dependencies among genes imply a complex relation between an 
organism'ss genotype and an organism's phenotype. 

Complexityy means here that a mutation in one gene may not only change the 
functionall  contribution of the mutated gene to the entire phenotype, but can also affect the 
functionall  contributions of interrelated genes to the phenotype. A gene does not simply 
translatee into a particular trait, but operates in conjunction with other genes by regulating 
otherr genes' state of activity. Due to these dependencies among genes, a mutation in a single 
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genee may have both positive effects on some traits and negative effects on other traits, which 
jointlyy determine an organism's fitness. For this reason, the existent set of genes put 
structurall  constraints on the possible directions in further evolution: a certain phenotypic trait 
cann only be improved by a particular mutation when the improvement in one trait outweighs 
thee negative by-effects of this mutation with respect to other traits. In biology, this insight has 
ledd scholars to conclude that natural selection cannot be expected to lead to perfectly adapted 
organismss (Kauffman 1993: 3-26). 

Technologicall  artefacts have also been described as complex systems. For example, 
Simonn (1969 [1996]: 4) defined artefacts as man-made systems which are made up of 
elementss that collectively attain one or a number of goals.32 The complexity in designing an 
artefactt is caused by the dependencies in the working of elements that make up an assembled 
technologicall  system. Only some combinations between elements "fit " in the sense that they 
aree complementary. Changing one of these elements by a new element may improve the 
workingg of this element, but the negative by-effects on other elements may imply a loss in 
overalll  functioning of the system as a whole. 

Wheree biological organisms change through blind mutations without the intervention 
off  a "designer", technologies change through search activity by designers. The design of 
technologicall  artefacts can thus be analysed as a choice problem between alternatives. From 
thiss perspective, the dependencies between elements imply that the choice of an element 
cannott be made independently from the choice of other elements due to interaction effects. 
Thee set of optimal choices for the elements with regard to element-specific output variables 
mayy prove sub-optimal when the effects of dependencies between elements are taken into 
account.. For example, a type of suspension which is found optimal according to suspension 
tests,, and a type of engine which is found optimal in engine energy-efficiency tests, may 
provee to be sub-optimal when put together in a car system. The engine may generate negative 
effectss on the working of suspension, for example, caused by high vibration. Or, vice versa, 
thee suspension may generate negative effects on the working of the engine, for example, 
causedd by high resistance. These dependencies between a system's elements imply that the 
performancee of elements can only be fully understood when analysed at the system level.33 

2.1.11 Complexity 

Too find out the working of elements at the system level poses a "problem of complexity". 
Thee number of possible combinations between different variants of elements is an 
exponentiall  function of the number of elements. Therefore, the difficulty in finding a good 
designn is of a higher magnitude than finding a good element design. Simon (1969 [1996]: 
194)) explains combinatorial complexity of systems using the example of a working and a 
defectivee lock: 

Hughes''  (1987: 51) concept of technological system includes, apart from technical components, 
organisations,, scientific texts, patents, and laws. However, Hughes (1987: 55) acknowledges the usefulness of 
approachess that define systems solely in terms of the technical components embodied. 

Thiss does not imply that "th e whole is greater  than the sum of its parts"  as wil l become clear  from the 
expositionn of the NK-model. Cf. Jervis (1997: 572) stating that "(i) f we are dealing with a system, the whole is 
differentt  from not greater  than the sum of its parts" . 
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"Suppose"Suppose the task is to open a safe whose lock has 10 dials, each with 100 
possiblepossible settings, numbered from 0 to 99. How long will  it take to open the 
safesafe by a blind trial-and-error search for the correct setting? Since there are 
lOCtlOCt possible settings, we may expect to examine about half of these, on the 
average,average, before finding the correct one - that is, 50 billion billion settings." 

Thee strategy of evaluating all possible combinations between elements is called global trial-
and-error.. Contrary to complex systems, as Simon (1969 [1996]: 194) goes on explaining, 
simplee systems that are characterised by independence between its elements, can be 
optimisedd by local trial-and-error: 

"Suppose,"Suppose, however, that the safe is defective, so that a click can be heard 
whenwhen any one dial is turned to the correct setting. Now each dial can be 
adjustedadjusted independently and does not need to be touched again while the 
othersothers are being set. The total number of settings that have to be tried is only 
10x50,10x50, or 500. The task of opening the safe has been altered, by the cues the 
clicksclicks provide, from a practically impossible one to a trivial one." 

Inn the latter case, each element can be optimised locally i.e. independently of the state of 
otherr elements. The problem of finding the right combination of all ten elements can be 
decomposedd in ten sub-problems, which can be solved independently. Then, the 
combinatoriall  complexity vanishes and the problem becomes feasible to handle. Simon's 
(1969)) example of the lock illustrates that optimisation through local trial-and-error works 
welll  for non-complex systems. In the case of complex systems, one can generally find the 
optimall  solution only through global trial-and-error (cf Alexander 1964 [1994]: 21). 

2.1.22 The description of a system as a string of alleles 

Thee anecdotal description of complexity by Simon (1969 [1996]) can be modelled 
analyticallyy by Kauffman's (1993) NK-model. This model of complex systems has originally 
beenn developed as a model of biological evolution, but its formal structure allows for 
applicationss to artefacts as a complex system (Kauffinan 1988, 1993, 2000; Kauffman and 
Macreadyy 1995; Frenken et al. 1997,1999a; Camineti 1999; Auerswald et al 2000; Kauffinan 
etal.etal. 2000; Valente 2000; Frenken 2001a)34 as well as applications to social science.35 

344 Birchenhall (1995), Windrum and Birchenhall (1998) and Cooper (2000) developed related evolutionary 
modelss of complex technological systems based on genetic algorithms as developed by Holland (1975, 1992). 
Thee important difference between the NK-model and genetic algorithms is that the latter include apart from 
mutationn crossover as a variety generating mechanism. This mechanism holds that designs are split in two parts, 
whichh are randomly matched with parts of other designs analogous to sexual reproduction in biological 
evolution.. The analogy in technological evolution is that particular solutions in one design can be introduced in 
anotherr design and vice versa. In the following, cross-over is not explicitly dealt but the possibility of multi-
elementt mutation, which is conceptually close to crossover, is considered. 
355 For applications of the NK-model in organisation theory, see Kauffman and Macready (1995), Westhoff et al. 
(1996),, Levinthal (1997), Marengo (1998), Baum (1999), Levinthal and Warglien (1999), McKelvey (1999a, 
1999b),, Gavetn' and Levinthal (2000), Ghemawat and Levinthal (2000), Marengo et al. (2000), Rivkin (2000), 
Dosii  et al (2001), Frenken (2001b), and closely related, Morel and Ramanujam (1999). Applications of the NK-
modell  in political science can be found in Schrodt (1994) and Post and Johnson (2000). For reflections on possible 
applicationss in the field of scientometrics, see Schamhorst (1998). In Section 9.3.1 of this study, I discuss a 
numberr of these applications of the NK-model. 
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Kaufimann (1993) describes a system by a string of N dimensions or "elements" 
(«=/,...,iV).. For each element n, there exist a number of dummy values called "alleles" that 
referr to the possible states of this element. The different alleles of an element are labelled by 
integerss "0", " 1 " , "2", "3" , etc. The number of alleles of element n is described as A„ . For 
example,, a particular artefact as a vehicle technology can be described by the following three 
elementss and their respective alleles: 

n=ln=l  (Ai = 3): engine element with three alleles gasoline (0), electric (1), steam (2) 
n=2n=2 (A2 = 2): suspension element with two alleles spring (0) or hydraulic (1) 
n=3n=3 (A3 = 2): brake element with two alleles block (0) or disc (1) 

Apartt from vehicle technologies, which will be the main example throughout the discussion, 
manyy other assembled product technologies can be described in this way including vehicles, 
machinery,, buildings, furniture, consumer durables, software, but also services (cf. Gallouj 
andd Weinstein 1997) and even cities (cf. Alexander 1964). The NK-model can also be applied 
too simulate the evolution of process technology (Auerswald et al. 2000; Kaufiman et al. 
2000),, as I wil l discuss shortly in Chapter 3. The discussion concentrates on product 
technology,, which is the centrall  unit of analysis in this study. 

Thee description of the elements in a system and their alleles is by no means given to 
thee designer. Rather, it is a set of elements that a designer considers to be the relevant choice 
variabless (Alexander 1964 [1994]: 20-21). Once a classification of elements and alleles has 
beenn established, each design can be labelled by a string of alleles. For example, following 
thee classification above, a vehicle design with steam engine, spring suspension, and block 
brakess is coded as string "200". 

Eachh string s is described by alleles SJS2...SN and is part of possibility set S, for which 
holds: : 

seS;seS; s= StS^.s» ; s„ <= {0,1 ,...,AM -1 } 

Thiss N-dimensional possibility space S is called the "design space" of a technology 
(Bradshaww 1992; Dennett 1995). The total number of possible combinations between the 
alleless of elements bounds the total number of possible designs in the design space.37 The size 
off  the design space S is given by: 

N N 

S=S= A,-A2-...-AN = Y[ A (2.2) 

Inn the example above, the design space adds up to 3 • 2 • 2 = 8 possible designs. The 
combinatoriall nature of the design space of a system requires that elements are orthogonal to 
onee another i.e. that elements can be treated as dimensions. Therefore, one element of a 
systemm cannot correspond with an allele of another element in the same system. For example, 
thee description of alleles of the engine element as gasoline ("0"), electric ("1"), and steam 
("2")) implies that the type of battery used in electric engines cannot count as another element 

366 Note that, since the first allele is labelled "0", the description of alleles of an element ranges from 0 to A„-l, 
whilee the number of alleles ranges from 1 to A„. 

Notee that the concept of design space corresponds to the concept of morphological space used by Foray and 
Griibler(1990). . 

(2.1) ) 
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casucasu quo dimension in the description of the vehicle as a system. The choice for a type of 
batterybattery only constitutes a dimension for electric vehicles, and not for vehicle technologies in 
general.. Put another way, the choice of battery takes place at a lower level in the decision 
tree: : 

->> what kind of engine ? 
-»•• if electric engine: what kind of battery ? 

Thus,, a description of a combinatorial space should therefore be such that only elements at 
thee same level in the hierarchical decision tree are taken into account, where each element 
itselff may again be described as a system in its own right (Callon 1987: 30; Hughes 1987: 55; 
Metcalfee 1995: 36; Sebbar 1996a, 1996b; Potts 2000). 

2.1.33 Epistatic relations between elements 

Dependenciess between the functioning of elements in a complex system are called "epistatic 
relations"" (Kauffman 1993: 41). An epistatic relation from one element to another element 
impliess that when the allele of the one element changes, this change affects both the 
functioningg of the one element itself and the functioning of the element that it epistatically 
affects.. The ensemble of epistatic relations within a technological system is called a 
technology'ss internal structure (Simon 1969; Saviotti 1986) or, as it will be called in the 
following,, a technology's architecture (Henderson and Clark 1990). 

Imagine,, for example, an architecture of a vehicle technology containing the following 
epistaticc relations between the engine, the suspension, and the brake. The functionality of the 
enginee depends only on the choice of the engine allele. The functionality of the suspension 
dependss on the choice of the suspension allele and the engine allele. And, the functionality of 
thee brake depends on the choice of the brake allele, the suspension allele, and the engine 
allele. . 

Thee architecture of epistatic relations between these three elements can be represented 
ass a matrix as in Figure 2-1 (Altenberg 1997). The x-values along the rows in the matrix 
indicatee the vector of elements that affect the functioning of one element. The x-values along 
thee columns indicate the vector of elements the functioning of which is affected by the choice 
off allele of an element. Note that in this model the diagonal always consists of x-values, since 
thee functioning of an element is by definition related to the choice of allele of this element 
itself.. As epistatic relations are present by definition on the diagonal, I indicated these 
epistaticc relations by bold x-values. From this matrix, it can be derived that, in this example: 

-- the functionality of the engine element only changes when the allele of the engine element 
mutates s 

-- the functionality of the suspension element changes when the allele of the engine element 
mutatess and/or when the allele of the suspension element itself mutates 

-- the functionality of the brake element changes when the allele of the engine element 
mutatess and/or the allele of the suspension element mutates and/or the allele of the brake 
elementt itself mutates 
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11=11 n=2 n=3 

functionalityy n=l x 
functionalityy n=2 x x 
functionalityy n=3 x x x 

Figuree 2-1: Matrix representation of an architecture 

Whenn epistatic relations exist between elements, the search for a good design becomes a 
difficultt task. The introduction of a new allele for one element may increase its functionality, 
butt at the same time it may decrease the functionality of other elements that it epistatically 
affects.. Trade-offs between the functioning of elements in complex systems exist that make it 
hardd to improve the functioning of one element without negative effects on the functioning of 
otherr elements (Alexander 1964; Rosenberg 1969). The more epistatic relations exist between 
elements,, the more trade-offs are present in a system, and the more likely innovations in 
elementss have negative by-effects on the workings of other elements. 

Too understand the relationship between a system's complexity, as expressed by the 
numberr of epistatic relations, and the degree of difficulty to improve a system, Kauffman 
(1993)) analysed how successful mutation and selection operate in systems with different 
degreess of complexity. To compare systems with different degrees of complexity, one first 
needss a way to characterise the complexity of an architecture. 

Thee characterisation of the complexity of an architecture is difficult since many 
possiblee architectures exist, even for relatively small systems. For each pair of two elements 
inn a system, there are four possible relations: absence of any epistatic relation, one epistatic 
relationn from the first to the second element, one epistatic relation from the second the first 
element,, and two mutual epistatic relations. Therefore, the number of possible architectures of 
aa system increases exponentially with the number of elements that describe a system. 

Sincee there exist so many possible architectures of complex systems, even for systems of 
smalll  size, it is impractical to analyse and compare the properties of all possible architectures of 
complexx systems. For this reason, Kauffman (1993) restricted his analysis to particular types of 
architectures,, the complexity of which can be expressed in a single parameter. In his model, he 
usedd only those architectures in which each element is epistatically affected by the same 
numberr of other elements. The number of elements by which each element is affected, is 
indicatedd by parameter K. These so-called "NK-systems" are then defined as systems with N 
elementss in which each element is affected by K other elements. For example, the class of 
systemss for which holds K=l  and N=3 refers to systems containing three elements with an 
architecturee in which the functionality of each element depends on the choice of allele of one 
otherr element. 

Forr systems with minimum complexity without any epistatic relation, the K-value is 
lowestt (K=0). For systems with maximum complexity where all elements are epistatically 

388 To calculate the number  of possible architectures of a system, let Q stand for  the number  of possible 
architectures.. For  the matrix that represents the architecture (Figure 2-1), it holds mat for  all cells except those on 
thee diagonal, an epistatic relation can be either  present or  absent The total number  of possible architectures Q for  a 
systemm of N elements is thus given by Q = 2 N" J' }} with Q increasing more than exponentially for  linear  increases 
inJV. . 

57 7 



relatedd to all other elements, the K-value is highest (K=N-1). The K-value can thus be 
consideredd a complexity parameter with a minimum value (K=0), intermediate values 
(10KU(10KU N-2), and a maximum value (K=N-J). 

Below,, I discuss the properties of NK-models with varying complexity values K. 
However,, it should be borne in mind that NK-systems constitute a subset of complex systems. 
Forr example, the architecture given in Figure 2-1 is not an NK-system since each element is not 
affectedd by the same number of other elements. However, since NK-systems include the whole 
rangee of least complex (K=0) to most complex systems (K=N-1), the subset of NK-systems 
providess a practical approximation of the whole set of possible architectures. A more general 
modell  of complex system is presented in Chapter 3. 

2.22 DESIGN SPACE SEARCH ON FITNESS LANDSCAPES 

Usingg K as a parameter enables one to compare the properties of systems with different degrees 
off  complexity ranging from K=0 to K=N-1. Using the K-parameter, two limit cases of 
complexityy can be distinguished. When epistatic relations are absent, one deals with systems of 
minimumm complexity (K=0\ and when all elements are epistatically related one deals with 
systemss with maximum complexity (K=N-1). In between the two limit cases of minimum and 
maximumm complexity, there is the class of systems with "intermediate" complexity (0<K<N-
1).1). For N=3,1 will discuss examples of minimum (K=0), maximum (K=2), and intermediate 
complexityy (K=l), 

2.2.11 Minimu m complexity 

Considerr the example of a system consisting of three dimensions, N=3, each of which has two 
alleles,, A„=2.  For a system with minimum complexity, all elements function independently 
fromfrom each other (see Figure 2-2-1). In this K=0-system the functionality of an element is solely 
dependentt upon its own allele (here, "0" or "1") and independent of alleles of other elements. 

Followingg Kauffman (1993), the functional properties of this system for each design s is 
simulatedd by drawing randomly from a uniform distribution [0,1] a "fitness" value wn for each 
allelee of an element sn. The fitness of the system as a whole W(s) is calculated as the mean 
valuee of the fitness values of the alleles of elements, so: 

W(s)=W(s)= - J T - S I UO (2-3) 

Thee design space of this system contains 23 possible strings, which can be represented as 
coordinatess in the three dimensions of a cube as in Figure 2-2-2. Each string represents a 
differentt design with a fitness value W(s), which is derived from the mean of the fitness 
valuesvalues wn (s  ̂ of individual elements. 

Figuree 2-2-2 presents an example of fitness values that I simulated. The distribution of 
fitnesss values for different designs s in the design space is called a "fitness landscape", a 
conceptt introduced by Wright (1931, 1932) in biological theory. The landscape metaphor 
referss to the distribution of fitness values of different designs in design space. Each design in 
aa fitness landscape has AT neighbouring designs that are the designs that have the same alleles 
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exceptt for one element. For a string that corresponds to a '*peak" in the landscape i.e. a local 
optimum,, it holds that all its N neighbouring strings have a lower fitness value. 

Thee shape of the fitness landscape structures the paths of local trial-and-error. 
Analogouss to mutation in biology, local trial-and-error is based on randomly changing the 
allelee of one element. The allele of this element thus changes from 0 to 1 or vice versa. A trial 
thuss implies that one moves along one dimension in the cube from one string to a 
neighbouringg string and on the fitness landscape from one fitness value to a neighbouring 
fitnesss value. Trial-and-error then proceeds by evaluating how W is affected by a mutation. If 
thee trial turns out to increase W, firms continue the next mutation from this string, while a lower 
WW induces a firm to return to the previous string, and continue the next mutation from there.39 

Inn a fitness landscape, local trial-and-error thus implies that as long as there exist at least 
onee neighbouring string that has a higher fitness, search can continue. Search will halt when a 
peakk string is found that can no longer be improved by means of a mutation in one element. 
Searchh can thus be considered as an "adaptive walk" over a fitness landscape towards a "peak", 
andd search will only halt when a peak is reached. Following the metaphor of the fitness 
landscape,, search in complex technological systems can be considered a process of "hill -
climbing""  (Kauffman 1993). In the simulation in Figure 2-2-2, the peak is string 110 with 
highestt fitness W(l 10)=0.80. 

Followingg Bradshaw and Lienert (1991) and Bradshaw (1992), one can call hill-
climbingg through trial-and-error "design space search" as search is represented as a path 
throughh design space. The terminology of design space search is meaningful when contrasted to 
"functionn space search". This type of search is discussed in the next Chapter 3. 

Thee important feature of fitness landscapes of K=0 systems holds that the fitness value 
off  an allele of an element wn (sj is the same for all configurations of alleles of other elements. 
Thee optimal design is therefore the design in which all elements have the allele sn with the 
highestt fitness value wn (sj. Optimisation is therefore easy since a mutation in one element 
doess not affect the functioning of other elements. Put another way, systems without complexity 
doo not have trade-offs between the functioning of elements. Therefore, the individual elements 
cann be optimised independently through local trial-and-error. A series of mutations in one 
elementelement at the time will  always lead the designer to the optimum system design 110.40 

Locall  trial-and-error in problem-solving on a fitness landscape is formally equivalent to 
mutationn and selection in biological evolution (Simon 1969 [1996]: 45-47). Imagine all 
organismss in a population to have the same genotype described by string 000 and that a new 
variationn is generated by a mutation in the first gene leading to 100. In this simulation, the 
mutationn increases the organism's fitness from 0.53 to 0.70. As W(100) > W(000), the 
organismm with genotype 100 will reproduce at a faster rate than organisms with genotype 000. 
Afterr a sufficiently long period of selection, the population will be completely dominated by 
organismss that have the new string of genes 100, and the next mutation will occur in an 
organismm with genotype 100. 

Notee that trial-and-enor is close to, yet a simplified representation of Popper's (1959, 1963) description of 
scientificc development as series of conjectures (trials) and refutations (errors). As long as a new conjecture does 
nott yield higher "fitness" (e.g. goodness of fit  with empirical data), the existing conjecture wil l be maintained 
Onlyy when a new conjecture leads to a higher fitness, the previous one is abandoned for the newly found one (cf. 
Martinn 1983). 

Thiss case corresponds to Simon's example of a defective lock quoted in Section 2.1.1. The solution of this 
defectivee lock can be found by evaluating the different states of each dial separately, whereas the solution of a 
well-workingg clock can only be found by evaluating all possible combinations between the states of each dial. Also 
notee that in Simon's example all strings have zero fitness in me landscape except for the solution string, which has 
fitnesss one. 
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Figuree 2-2-1: Architecture of N=3-system with K=0 
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Figuree 2-2-2: Simulation of a fitness landscape of a N=3-system with K=0 

Iff  the fitness of string 100 would have been lower than string 000, organisms with 
genotypee 100 would have reproduced at a lower rate than organisms with genotype 000, and 
stringg 100 would disappear from the population after a sufficient amount of time. The next 
mutationn would then have occurred again in an organism with genotype 000 analogous to a 
failedd trial in local trial-and-error learning.41 

Considerr now a designer that starts searching from design 000, and randomly picks the 
firstt element to be changed from 0 to 1 thus moving from 000 to 100 in the fitness landscape. 
Sincee the technology's functionality is improved, the next mutation will start from the newly 
foundd design 100. If the fitness of design 100 would have been lower than design 000, the trial 
wouldd be rejected and the next mutation would then have occurred again in design 000. The 
conceptt of trial-and-error learning can thus be considered to be analogous to natural selection in 
biologicall  evolution (Simon 1969 [1996]: 45-47). 

411 Selection in terms of genotypes' shares in the population can be modelled using Fisher's equation, which 
statess that reproduction rates of genotypes are proportionate to their fitness relative to the mean (Fisher 1930). 
Seee also Section 2.2.4. 
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2.2.22 Maximum complexity 

Inn the case of maximum complexity (K=N-1), the functioning of an allele of an element 
dependss upon the choice of the alleles of all other elements (see Figure 2-3-1). This implies that 
thee fitness value of a particular allele of an element w„  (s„)  is different for different 
configurationss of alleles of other elements. To simulate the fitness landscape of this system, the 
fitnesss value of an allele of an element is randomly drawn for each possible configuration of 
alleless of other elements. An example of a fitness landscape of an N=K-l-system that I 
simulated,, is given in Figure 2-3-2. 

Contraryy to K=0-systems that do not contain any epistatic relation, a fitness landscape 
off  systems containing epistatic relations can contain several peaks. In a landscape containing 
severall  peaks, one also speaks of several local optima and one global optimum. Local optima 
havee sub-optimal fitness values compared to the optimal fitness of the global optimum. In the 
simulationn in Figure 2-3-2, string 100 is a global optimum since its fitness is the highest of all 
strings,, while string 010 is a local optimum since its fitness is higher than the fitness of its 
neighbouringg strings, but lower than the fitness of the global optimum. For both global and 
locall  optima it holds that they cannot be improved by mutating a single element. 
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Figuree 2-3-1: Architecture of N=3-system with K=2 
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Figuree 2-3-2: Simulation of a fitness landscape of a N=3-system with K=2 
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Fitnesss landscapes of complex systems with epistatic relations between elements are 
characterisedd by the existence of multiple optima. In the case that several optima exist, 
Kauffinann (1993) speaks of "rugged" fitness landscapes containing several peaks. This means 
thatt local trial-and-error search on rugged landscapes can end up in several optima. Contrary to 
systemss with no complexity (K=0), local trial-and-error in complex systems does no longer 
automaticallyy lead to the optimal solution as one runs the risk op ending up in a local optimum 
insteadd of the global optimum.42 Once a search leads to a local optimum, a designer is "locked-
in".. Leaving a local optimum is not possible since any mutation in one element leads to lower 
fitnessfitness and is thus rejected.43 

Sincee several local optima exist in complex systems, a designer can end up in different 
locall  optima depending on the starting point in the landscape and the particular sequence of 
mutationss that follow. Search is "path-dependent" on the initial starting point of search and the 
sequencee of searches that follow. An example of path-dependency in the simulation example is 
whenn search starts from string 001 and the first mutation leads to string 000, and the second 
mutationn to string 100. The resulting solution 100 would be optimal. However, when search 
startss again in 001, but the first mutation leads to 011, the next successful mutation will 
inevitablyy lead to the sub-optimal solution 010.44 By contrast, local trial-and-error in systems 
withh no complexity (K=0) is path-independent as the global optimum is the only optimum, and 
anyy search sequence finally ends up in this optimum. 

Path-dependencyy in the NK-model is different from path-dependency in models of 
increasingg returns to adoption (Arthur 1989; David 1993; Dalle 1995, 1997; David et al. 
1998)) as discussed in Section 1.1. The term path-dependency in the NK-model refers to the 
pathh of an individual designer moving within a possibility space ending up in a local 
optimum.. These paths are deterministic in the sense that the structure of the fitness landscape, 
oncee its has been determined by draws from a uniform distribution, remains fixed during the 
processs of search. The local optimum in which a designer ends up is solely dependent on the 
initiall  position of the designer and the sequence of mutations mat follow. In models of 
increasingg returns to adoption path-dependency refers to processes in which prevailing 
probabilitiess of transitions among distributions of a population of adopters are functions of 
thee sequence of past transient distributions (David 2001). The dynamics in these models are 
macroscopicc in the sense that the adoption decision of other agents influences the choice of 
thee individual adopter. 

Davidd (2001) noted that confusion is best avoided when reserving path-dependency 
forr the latter type of collective processes. The properties of the former type of process of an 
individuall  designer ending up in a local optimum depending on its initial position and the 
sequencee of mutations is closer to the idea of determinism sensitive on initial conditions.45 

Inn the context of technological evolution, this has been stressed, among others, by Alchian (1950: 219) and 
Simonn (1969 [1996]: 46-47). 
433 Compare the use of "lock-in" by Kauffman (1993: 13). 

Designn can escape the sub-optimal solution by mutating several elements at the time. In the example, the sub-
optimall  string 010 can be left by mutating both the first and second elements at the time. This two-element 
mutationn can be thought of as a jump in the fitness landscape from the sub-optimal peak to the optimal peak. 
Trial-and-errorr procedures that are not restricted to mutation in one element at the time, are discussed in the next 
section.. Here, I still assume design proceeds from mutations in one element only. 

Thee different usage of the term path-dependency in different contexts can also be distinguished by referring to 
"microscopicc path-dependency" in the NK-model as it deals with an individual designer in a design space and 
"macroscopicc path-dependency" in increasing returns models as these deal with the change in the distribution of 
aa population of adopters. 
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Thee NK-model explains the general insight that a mutation in one element may improve 
thee fitness value of some elements, but can create "technological imbalances" in other elements 
(Rosenbergg 1969; Hughes 1987). A mutation in an element may generate new 
complementaritiess with some elements, but also destroys existing complementarities with other 
elements.. The net result may either be a gain in fitness in which case search will continue from 
thee newly found string, or a loss in fitness in which case search will start again from the 
previouss string. Epistatic relations pose "conflicting constraints" on the optimisation of 
elementss of a technological system (Kauffman and Macready 1995). Rugged fitness landscapes 
characterisee the existence of trade-offs between the functioning of different elements. 

Thee various elements of a technology function in different degrees in different local 
optima.. Local optima can be thus considered combinations of complementary alleles as the 
highh fitness of an individual allele is only expressed when combined with complementary 
alleles.. In the simulation of Figure 2-3-2 optimum 100 is characterised by wj>W2, wj>W3, 
ww22<wj<wj  and optimum 010 is characterised by W]<w2, w/>wj, wpwj. In this simulation, the 
trade-offf  is between optimising the functioning of the first element and third element at the 
expensee of the second element (string 100) and optimising the second element at the expense of 
thee first and third element (string 010). Note that the random drawings of the fitness values of 
elementss imply that another simulation can as well generate a fitness landscape with other 
trade-offs. . 

2.2.33 Intermediate complexity 

AA fitness landscape of a system with intermediate complexity i.e. with a K-value in between 
itss minimum and maximum value, is simulated according the same logic. The fitness of an 
elementt changes randomly when it is mutated itself or when an element with which it is 
epistaticallyy related is mutated. For example, consider the architecture of a system with K=l 
inn Figure 2-4-1. The architecture of epistatic relations implies that the fitness value of the first 
elementt changes when the first or second element is mutated, the fitness values of the second 
elementt changes when the first or second element is mutated, and the fitness value of the third 
elementt changes when the allele of the first or third element is mutated. 

AA simulation of this system is given in Figure 2-4-2. The simulation shows that two 
optimaa exist in which designers can lock-in. Qualitatively, the shape of the fitness landscape 
thuss corresponds to the previous simulation of A>2. Again, a trade-off exists between the 
optimisationn of different elements. In this simulation, the trade-off turns out to be the same as in 
thee simulation in Figure 2-3-2. The trade-off is between optimising the fitness of the first and 
thirdd element at the expense of the second element (optimum 011), or optimising second 
elementt at the expense of the first and third element (optimum 101). Note again that the 
randomm drawings of the fitness values of elements implying that another simulation may as 
welll  generate a fitness landscape with other trade-offs between other elements. 

Too understand more generally the relationship between the complexity of an 
architecturee and the properties of its fitness landscape, Kauffman simulated a large number of 
fitnesss landscapes for different values of K and N (Kauffman 1993: 33-67; Altenberg 1995, 
1997).. By tuning the parameter K from its lowest to highest value and comparing the 
propertiess of the fitness landscapes of systems varying in size from N-8 to N=96> it has been 
foundd that: 
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Figuree 2-4-1: Architecture of N=3-system with K=l 
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Figuree 2-4-2: Simulation of a fitness landscape of a N=3-system with K=l 

1.. The number of local optima increases exponentially with K. This means that for systems 
withh higher complexity K, it becomes increasingly more likely that local trial-and-error 
leadss to a local optimum rather than the global optimum. 

2.. The mean fitness of local optima is highest for systems with a positive but low 
complexityy (around K=3 for systems containing eight or more elements). For higher re-
values,, the mean fitness of local optima for K=N-1-systems tends to 0.5, which is the 
expectedd value of a random draw from a uniform distribution between 0.0 and 1.0. Also 
notee that K=N-1-systems of infinite size have exactly 0.5 fitness, as the mean of the 
fitnesss values of elements corresponds to the expected value. 

3.. The average correlation between local optima as measured by the number of alleles that 
twoo local optima have in common, decreases for increases in K. This means that the 
higherr the complexity of a system, the more randomly spread the local optima are in 
designn space. 
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4.. The higher the fitness value of a local optimum in a given fitness landscape, the larger on 
averagee its "basin of attraction",46 which is the number of strings from which local trial-
and-errorr can end up in a local optimum. This implies that the probability of finding a 
locall  optimum with a high fitness value is higher then the probability to find a local 
optimumm with a low fitness values. Since the variance of fitness values of local optima 
decreasess for increasing K, the variance in the size of their basins of attraction also 
decreasess for increasing K. 

Whatt do these properties mean when the NK-model is taken as a model of technological 
designn ? The first property holds that the more complex a technological system in terms of 
thee number of interdependencies between its elements, the more difficult is becomes to find 
thee optimal solution. The number of local optima increases exponentially with K and the 
probabilityy to end up in a sub-optimal solution also increases with K. Local trial-and-error 
thuss only leads to a good solution of the design when the system under design is simple. 

Thee second property holds that the highest fitness of a design is expected to be found 
forr a system with an architecture consisting of a positive but moderate number of epistatic 
links.. The reason why the simplest systems of K=0 do not have optima with highest fitness is 
thatt no complementarities or "synergistic specificity" (Schilling 2000) can exist between the 
functioningg of elements when epistatic relations are absent. And, the reason why very 
complexx systems do not have local optima with highest fitness is that the many epistatic 
relationss impose too many conflicting constraints casu quo trade-offs between elements. The 
highestt average fitness of local optima of moderate complex systems suggests that successful 
technologicall  systems contain a positive but moderate number of epistatic relations between 
itss elements. 

Thee third property holds that the more complex a system, the more different local 
optimaa are in terms of their alleles. Very complex systems have local optima that are, on 
average,, maximally dissimilar in terms of the alleles of elements, while less complex systems 
havee local optima that are, on average, more similar. Combining this property with the 
secondd property, the NK-model suggests that successful designs have quite some alleles of 
elementss in common. 

Thee fourth property indicates that the higher the fitness of a local optimum in a given 
landscape,, the larger its basin of attraction. This implies that better than average local optima 
havee a higher probability to be found by local trial-and-error from a randomly chosen starting 
string.. This property gets lost when the system gets more complex (higher K). Systems with 
highh complexity are characterised by a low variance in mean fitness of local optima, and 
thereforee similar sizes of basins of attraction. Combining this property with the third 
property,, the NK-model suggests that different designers of systems with higher complexity 
aree expected to come up with a larger variety in solutions.47 

2.2.44 Population level dynamics 

Soo far, I discussed the properties of complex fitness landscapes from the perspective of the 
individuall  designer or the individual firm that is hill-climbing a fitness landscape. In markets, 

Notee that basin of attraction metaphorically refers to basins that end up in minima. The term originally comes 
fromfrom minimisation problems, but can also be used with reference to maximisation problems. One can visualise 
basinss of attraction by turning the fitness landscapes up side down, which renders the fitness peaks the basins. 
477 Cf. Hobday (1998) and Hobday et at. (2000) on so-called complex product systems (CoPS). 
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however,, several firms generally compete for market share. Their design solutions compete 
forr scarce resources given a limited demand or a limited availability of inputs. This 
competitionn perspective implies a shift in perspective from the individual to the population 
levell  (Nelson and Winter 1982). 

Att the population level of competing firms, selection takes place on two levels. 
Withinn the firm, a new variation is developed by means of mutation and this new design 
variationn is accepted when found superior to the previous design or rejected when found 
inferiorr to the previous design. This internal variation-and-selection mechanism takes place 
withinn each firm until it reaches a local optimum. Then, the firm offers its locally optimal 
designn on the market and competes for users. At this population level of competing firms, 
designss are subject to market competition as a second selection mechanism. One can thus 
thinkk of market competition at the level of the population of firms as a competition in a 
populationn of designs that are all locally optimal. 

Onee usual way to model the second evolutionary mechanism of market competition is 
basedd on a differential equation for the expansion rate of the market share of the firm offering 
aa particular design. Fitness Wt (s) refers to the fitness of the design s offered by firm *'.4 

Assumingg that each firm offers only one design, the rate of expansion dfj dt refers to the 
changee in market share ƒ of firm i as a percentage of total turnover on a market. The 
expansionn rate of a firm's market share ƒ is modelled as a function of the difference between 
itss fitness Wt and average fitness <W>, which is the sum of fitness values weighted by 
currentt market shares: <W> =ZifiWi (Silverberg et al. 1988; Metcalfe 1994b). One can 
describee the changes in market shares of each firm as: 

^^ LL = afi(Wi(s)-<W>) (2.4) 
at at 

InIn the equation parameter a stands for the propensity of firms to accumulate their production 
reflectingg the speed of selection. This equation has been shown to approach an equilibrium 
wheree the firm (firms) with highest fitness achieves (achieve together) a hundred percent 
markett share with time going from 0 to infinity (Metcalfe 1994b). It must be noted that this 
equationn assumes a homogeneous selection environment as designs of firms are compared in 
fitnessfitness on one dimension, only. Expressing this another way, the equation implies that all 
consumerss are assumed to have the same opinion regarding the fitness / quality of a design. 
Thiss assumption is dropped in Chapter 3 where heterogeneity in consumer preferences is 
introduced. . 

Thee differential equation (2.4) is derived from Fisher (1930) who introduced the 
equationn in biology to model natural selection among organisms with different fitness. One of 
thee important insights derived by Fisher (1930) holds that the speed of convergence to 
equilibriumm depends - apart from parameter a - on the variance in fitness in a population. 
Thiss can be understood from equation (2.4) in which the rate of change in market shares of 
firmsfirms is a function of the difference between the fitness of a technology W{ (s) and the average 
fitnessfitness <W>. Using this insight, one then can discuss the implications of the NK-model at the 
populationn level by looking at the distribution of fitness values that are expected when 
differentt firms engage in local trial-and-error search on particular fitness landscapes. 

488 Fitness in the NK-model stands for technical fitness referring to the quality of a product design. When 
introducingg the term fitness in models of economic selection processes, quality should be adjusted for price 
("value-for-money").. For the sake of simplicity of exposition, the distinction between technical fitness and 
economicc fitness is not yet introduced here, but will be introduced in Chapter 4. 
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Too understand the main evolutionary dynamics at the population level that follow 
fromfrom the NK-model, one can look at the variance in fitness values of local optima. The 
variancee in fitness values of local optima differs for systems with different degrees of 
complexity.. For systems with high complexity, local optima have similar fitness levels. In the 
contextt of biological evolution, a small variance in fitness values of locally optima implies 
thatt natural selection operates slowly in eliminating less fit  organisms. In the context of 
technologicall  evolution, a small variance in fitness values of designs means that (market) 
competitionn between different technological solutions will operate slowly. By contrast, 
systemss with low complexity have a large variance in the fitness values of local optima. 
Moreover,, fewer local optima exist. Competition will then operate faster in eliminating sub-
optimall  strings. Thus, the speed of evolution is inversely related to the complexity of a 
system'ss architecture (Kauffrnan 1993: 53-54). 

AA second principle that can be derived from the properties of NK landscapes for 
populationn dynamics is that the outcome of hill-climbing on fitness landscapes with high 
complexityy is very sensitive to the initial starting point. The higher the complexity of a 
system,, the stronger path-dependency in search becomes. Therefore, different firms that hill-
climbb the fitness landscape of a very complex system are likely to find different local optima. 
Byy contrast, path-dependency in systems with low complexity is weak. The local optimum 
thatt firms find are less sensitive to the initial starting point, since there exist fewer local 
optimaa exist and their basin of attraction is larger. Therefore, designs of technologies with 
loww complexity will tend to have many alleles in common. Variety in designs wil l 
consequentlyy be smaller. 

Thee two principles combined imply that the higher the complexity of a landscape, the 
largerr the variety in locally optimal designs, and the more persistent this variety due to the 
loww variance in fitness values of local optima. 

2.2.55 Imitation versus innovation on a complex fitness landscape 

Ass discussed more extensively by Rivkin (2000) in the context of the NK-model, imitation 
strategiess can be distinguished from innovation strategies on complex fitness landscapes. The 
possibilityy of imitation by one firm of a successful string found by another firm constitutes an 
importantt difference between biological evolution and technological evolution. In biological 
evolution,, selection takes place on relative fitness of organisms that are subjected to similar 
environmentall  constraints. Analogously, in technological evolution, selection between 
competingg technological designs has been conceptualised as being dependent on the relative 
fitnesss of different designs as in equation (2.4) above (Silverberg et al. 1988; Metcalfe 
1994b).. However, it has been argued that imitation constitutes another dynamic in 
competitionn as more successful designs tend to be imitated more often than less successful 
designss (Alchian 1950; Nelson and Winter 1982; Miner and Raghavan 1999). 

Thee possibility of imitation in complex fitness landscapes implies that designers who 
findfind local optima with relative low fitness, could improve their position by imitation of the 
stringg of alleles corresponding to local optima with relatively high fitness. Imitation of 
relativelyy good solutions by designers that previously used relatively bad solutions "speeds 
up""  the selection process (Miner and Raghavan 1999). 

Fromm the NK-model, it can be derived that for an imitation to be successful, it is 
cruciall  that a firm succeeds in copying exactly all alleles of a local optimum that is occupied 
byy a more successful firm. Any error in copying alleles can result in a drastic fall in fitness 

67 7 



duee to epistatic relations between elements. To understand this problem, consider again 
Figuree 2-4-2. When a less successful firm that found 011 with W(011)=0.60 attempts to copy 
aa more successful firm who has found 101 with W(101)=0.63, but mistakenly comes up with 
1000 with W(100)=0.53, imitation leads this firm to a string with lower fitness. 

Thee risk becomes larger the more complex the system being imitated. Think of a 
systemm with K=20. Successful imitation would then require the development of exact copies 
off  20 alleles. Since the risk of failure of imitation becomes larger for systems with higher 
complexity,, imitation is not expected to be a common strategy in markets in which firms 
competee on product designs with high complexity. And, in markets with product design with 
loww complexity, imitation strategies are more likely to be observed. 

Summarising,, the NK-model provides one with an evolutionary model of complex 
technologicall  systems. The mechanism of random mutation and selection underlying natural 
selectionn in biology can be interpreted as a model of human problem-solving by trial-and-
error.. The process of trial-and-error can be understood as a process of "hill-climbing" on a 
fitnessfitness landscape. The analogy teaches one that trial-and-error by means of random one-
elementt mutation generally does not optimise complex systems, since one is likely to lock-in 
intoo a fitness peak (local optimum). The higher the complexity of a system as expressed by K, 
thee larger is the number of local optima in which search can lock-in. The difficulty of 
optimisationn of a system thus relates to the system's complexity. 

Thee NK-model of complex fitness landscapes provides one with an analytical 
frameworkk to theorise about human problem-solving both at the individual level of the firm 
andd the population level of the market. There are, however, important differences between the 
variation-and-selectionn principles in biological theory and the way human design can 
proceed.. One difference between biological and technological evolution that has been 
discussedd concerns the possibility of imitation. It has been stressed that imitation is a risky 
strategyy in complex systems as a small error in copying the design of a competitor can 
drasticallyy decrease the fitness of the design. In the next section, another difference between 
biologicall  and technological evolution is addressed within the framework of the NK-model. 
Thiss difference concerns the possibility of human search to mutate several elements at the 
samee time. This possibility is absent in biological evolution as a mutation occurs in a single 
gene. . 

2.33 COMPLEXITY, DECOMPOSABILITY, AND SATISFICING 

Inn the previous section, I discussed the properties of the NK-model under the assumption that 
searchh takes place by local trial-and-error analogous to one-gene mutation in biological 
evolution.. Though appropriate in biological models, the one-element mutation rule is just one 
outt of many possible mutation strategies that can be applied in human problem-solving. 
Alternatively,, designers may choose to mutate several elements at the same time. This allows 
designerss to search further away in design space, thus enlarging what is called the "search 
distance""  (Frenken et al. 1999a; Kauffman et al. 2000). 

Whenn designers apply a sufficiently large search distance, search does not stop at a 
locall  optimum, since the global optimum can always be found by mutation in the right set of 

Thee remainder  of this chapter  is largely based on Frenken et al. (1999a). 
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alleless such that one "jumps" to the global optimum. For example, in the simulation of the 
fitnessfitness landscape for K=2 in Figure 2-3-2, the global optimum 100 can be reached from the 
locall  optimum 010 by mutating the first and second element at the same time. In the same 
way,, in the simulation of the fitness landscape for K=l  in Figure 2-4-2, the global optimum 
1011 can be reached the local optimum 011 by mutation of the right subset of alleles at the 
samee time (also the first and the second element). 

Thee whole concept of local optima depends on the search strategy that is applied. In the 
examplee in Figure 2-3-2 where string 010 is locally optimal with respect to the one-element 
mutation,, it is no longer a local optimum for designers that apply a two-element mutation 
strategy.. The larger the search distance designers apply, the fewer locally optimal strings are 
presentt in the design space. In the extreme case, designers apply N-element mutation i.e. a 
globall  trial-and-error search strategy. In this case, there can never be local optima in the 
fitnesss landscape, since the global optimum can always be reached from any string given the 
rightt set of elements are mutated at the same time. The existence of local optima is not an 
intrinsicintrinsic property of a complex system, but depends on the search strategy designers apply. 

Althoughh designers that apply the N-element mutation rule wil l eventually always find 
thee global optimum, the number of trials required equals the total size of the design space. N-
elementt mutation thus corresponds to "exhaustive search", which renders this kind of search 
time-inefficient.. By contrast, the local one-element mutation rule, which runs the risk of 
endingg up in a sub-optimum, is more time-efficient since the number of trials required equals 
onlyy a fraction of the design space. A trade-off exists between the effectiveness of search 
regardingg the result in terms of the fitness of the solution and the efficiency of search in terms 
off  the time required to reach this solution. One question then becomes whether there exist 
alternativee search strategies that are able to find the global optimum with full certainty but 
requiree less time than the N-element mutation rule. 

2.3.11 Structural versus computational complexity 

Forr decomposable systems it holds that the global optimum can be found using a more time-
efficientt strategy than the N-element mutation rule. A system is decomposable when a system 
cann be partitioned in subsystems of elements for which holds that epistatic relations exist only 
betweenn elements that are part of the same subsystem and not between elements mat are part 
off  different subsystems (Simon 1969; Wagner and Altenberg 1995). When a system is 
decomposablee designers can apply a more time-efficient search strategy in order to find the 
globall  optimum by confining their search within subsystems rather than in the whole set of 
elements.. The ultimate degree of decomposability or "modularity" is the case of N 
subsystemss containing one element, which correspond to the case in which no epistatic 
relationss exist at all. This case is already discussed above for K=0-systems for which one can 
alwayss find the global optimum using one-element mutations. 

Forr systems with a positive K-value the degree of decomposability depends on the 
specificc architecture of the system. Consider for example the architectures of epistatic relations 
off  two systems with N=4 and K=l  in Figure 2-5-1 and Figure 2-5-2. The architecture of the 
systemm in Figure 2-5-1 is non-decomposable, as the system cannot be split up in subsystems 
suchh that the subsystems have no epistatic relations with one another. Therefore, the system can 
onlyy be globally optimised with full certainty by means of four-element mutations in the system 
ass a whole. By contrast, the architecture of the system in Figure 2-5-2 is characterised by two 
subsystemss in which all epistatic relations are located. One subsystem contains the first and 
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secondd element and the other subsystem contains the third and fourth element. Since there exist 
noo epistatic relations between the subsystems, the system as a whole can be optimised by 
meanss of two-element mutations within each subsystem. 
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Figuree 2-5-1: Example of anon-decomposable architecture (N=4, K=l ) 
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Figuree 2-5-2: Example of a decomposable architecture (N=4, K=l ) 

Thee time efficiency of search is greatly enhanced by decomposition. In the example, 
assumingg An=2 for all elements, the design space contains 24=16 possible designs. To optimise 
thee non-decomposable system in Figure 2-5-1, one requires the four-element exhaustive 
mutationn strategy to find the global optimum. This strategy requires 16 trials since all possible 
designss need to be evaluated before the global optimum is found. To optimise the 
decomposablee system in Figure 2-5-2, one does not need the exhaustive search strategy to find 
thee global optimum. By decomposing the system in two subsystems, the number of trials 
requiredd is reduced. The two subsystems containing two elements add up to 22 possible designs 
forr each subsystem. The total number of required trials to optimise the whole system thus adds 
upp to 2 +2 =8 trials. Decomposition thus reduces the design space by means of splitting the 
designn space of 16 strings into two subsystems of four strings. In this example, one economises 
50%% on the total number of required trials (and thus, 50% in search time and search costs). 
Notee that although the two systems have the same K-value (K=l),  the number of trials required 
too optimise the design of the system differs substantially. 

Thee trials are for the first subsystem 00, 01, 10, and 11, and for the second subsystem 00,01, 10, and 11. 
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Apartt from saving on the number of required trials, a second advantage of decomposition 
holdss that separate teams can work independently on subsystems and thus in parallel (Marengo 
1998;; Frenken et al. 1999a; Kollman et al. 2000). This division-of-labour and decentralisation 
inn search activity further economises search time.51 In the example, each subsystem contains 22 

possiblee designs. Hence, search time can be reduced to 22 parallel trials, whereas global trial-
and-errorr would require 24 sequential trails, a reduction in search time of 75%. The advantage 
off  decomposition increases for larger systems. For example, the required number of trials to 
optimisee an N=8 system with epistatic relations located in two subsystems of size four, is only 
2-24=322 against the 28=256 trials required to optimise a non-decomposable N=8 system (a 
reductionn of 87.5%). When working in parallel on the design of each subsystem, the search 
timee decreases from 256 to 16 iterations (a reduction of 93.75%). The possibility of parallel 
problem-solvingg creates advantages in terms of search time required thereby shortening product 
developmentt cycles. 

Notee that parallel design is not necessarily restricted to parallel searching teams in one 
firm,, but can also concern parallel searching firms that collaborate in technological 
development.. And, parallel design of subsystems can also be divided among producers and 
users,, where producers combine some elements, while users add other elements to the system 
ass in the case of personal computers and hi-fi stereo (Langlois and Robertson 1992). In this 
case,, the decomposability of the system allows firms the outsource part of the design activity to 
thee users themselves (Von Hippel 2000). Thus, generally speaking, decomposability allows for 
aa division-of-labour in the tasks of agents with regard to the design of the system, without the 
needd for co-ordination among the agents (Marengo et al 2000). 

Itt becomes clear from the discussion that decomposable structures of epistatic relations 
inn NK-systems substantially reduce the time needed to find the global optimum in a system. 
Thee K-value, which indicates the number of elements epistatically affecting each element, does 
nott take into account to what extent a system can be decomposed in subsystems. Thus, the K-
valuee is not a precise indicator of complexity in terms of the time needed to find the global 
optimum.. AT is a measure of a system's "structural complexity" as it indicates the complexity in 
termss of the number of epistatic relations that make of a system's internal structure. However, 
thee K-value does not indicate the "computational complexity" of a system in terms of the 
requiredd time to find the global optimum. Systems with the same K-value can have very 
differentt degrees of computational complexity. 

2.3.22 Cover size 

Onee can distinguish between different complexity measures when describing a complex 
system.. The K-value in Kauffman's (1993) NK-model describes complexity in terms of the 
numberr of epistatic relations in a complex system. As epistatic relations describe the internal 
structuree of a system, the K-value can be termed a measure of structural complexity. In the 
contextt of models of problem-solving designers, alternative measures of computational 
complexityy are relevant to describe complex systems. Computational complexity of a system 
boundss the search time that is required to optimise a system's fitness. Page (1996) proposed 
thee cover size as a complexity measure referring to the difficulty to optimise a problem. 

11 Another advantage of decomposable teams concerns the reduction in the costs of communication channels 
betweenn different teams (Arrow 1974). 
522 Page (1996) prefers to consider cover size as a measure of "difficulty" instead of a measure of complexity. 
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Thee concept of cover size is based on the concept of schema introduced by Holland 
(1975)) in the context of genetic algorithms. A schema can be understood as a string that 
representss classes of strings. Formally, a schema h with length N is described as: 

hh = hlh2...hN;hn<=  {0,1,...,AH-l#} (2.5) 

wheree # stands for "any allele". In the following, I assume binary strings (An=2) for all N 
elementss without loss of generality (Page 1996). Thus, each allele in a schema takes on a 
valuee out of the set {0,1,#}  where # stands for "either 0 or 1". The number of possible 
schemaa thus adds up to 3N. . 

AA "defining" allele of a schema is contained in the set {0,1} . A schema can thus be 
understoodd as referring to the subset of strings for which holds that they share the defining 
alleless of elements as specified in the schema. For example, schema 00## has as defining 
alleless a 0-allele for the first element and a 0-allele for the second element. This schema thus 
referss to the class of strings, which have a 0-allele for the first element and a 0-allele for the 
secondd element, which is the subset {0000, 0001, 0010, 0011}. 

AA "projection" of a string that is not part of a schema yields a new string that is part of 
thee schema. For example, the projection of the string 1011 on the schema 00## gives as a 
resultt the string 0011. A projection of a string on a schema can be understood as a mutation 
off  one or more elements that yield a new string that is part of the schema. 

AA schema is called "dominant" if the projection of all possible strings on this schema 
yieldss a new string with higher or equal fitness. Only schemata, which are part of the globally 
optimall  string, can be dominant. By definition, the schema that corresponds to the global 
optimum,, is itself a dominant schema since all projections of strings on this schema yield the 
globallyy optimal string. However, this is a schema of maximum size N, and therefore, the 
numberr of trials needed to find the global maximum equals the size of the design space. The 
questionquestion holds whether there exist sets of smaller schemata, which all are dominant as they 
jointlyjointly map the decomposable architecture of a system. Using these schemata, the 
computationall  complexity can be defined. 

AA "cover" is a set of dominant schemata such that the union of all their defining 
alleless adds up to Af defining alleles. If one constructs the cover with minimum size schemata, 
thiss wil l give the decomposition of the problem into minimum size sub-problems. This means 
thatt one can optimise each subset separately, defined by each of such schemata. The global 
optimumm will be simply the union of such sub-strings. The cover size of a function defined on 
binaryy strings is exactly the size of the largest schema contained in the minimum size cover.53 

Coverr size represents a measure of complexity of the problem in terms of the size of 
thee largest of the smallest possible subsystems in which it can be decomposed. A cover gives 

Coverr size may over-estimate the complexity of the system for a search algorithm, because, if some schemata 
thatt form the minimum cover have bits in common, solving one of them reduces the size of those with 
overlappingg elements. Page (1996) introduced a second complexity measure called "ascent size" of the cover, 
whichh is the minimum number of elements that have to be mutated simultaneously in order to be sure to find the 
globall  optimum. Consider, as an example, that a problem has been decomposed in the following cover: 
CC = {1###, 11##, 110#, 1101}. The cover size of this function equals four, with cover 1101 corresponding to the 
globall  optimum, which suggests that the fitness landscape has maximum complexity. However, if one explores 
thee function sequentially with a one-element mutation algorithm one is able to locate the first schema (of size 
one).. Once one locates such a schema one is able also to locate the second - still using a one-element mutation 
algorithmm - and so on. In this case, a one-element mutation algorithm is able to find the global optimum of the 
functionn given the right sequence of mutations, although its cover size equals N. Computation of ascent size of 
NK-systemss are made by Frenken et ah (1999a). 
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aa perfect decomposition in the sense that each subset of bits defined by a schema in a cover 
cann be optimised independently from the others. Thus the problem can be solved in parallel.. 
Assumingg An to be equal for all N, the largest sub-problem gives the upper bound to the 
complexityy of the system i.e. the time required to find its optimal solution. 

Too calculate the cover size, one can use a recursive procedure, which is given in 
AppendixAppendix I. An example suffices here to clarify. Consider again the system in Figure 2-5-2 
containingg four variables in which two pairs of variables are mutually epistatically related. The 
firstt and second elements are interrelated, and the third and fourth variables are interrelated. 
Thee Cover Size of such a system is, at maximum, two since each pair of interrelated variables 
cann be optimised independently of the other pair. To calculate the cover size, consider the 
simulationn of the fitness landscape of this system in Figure 2-6. 

Too find the cover size of this artefact, one first checks for dominance of all schemata 
withh only one defining allele, which is the set: 

(omt,(omt, ;###, mm, mm, mo#, mi#, mm, mmi) 

Fromm the fitness landscape in Figure 2-6, it turns out that of all schema's with one defining 
allele,, only schema 1### is dominant. Only for this schema it holds that the projections of all 
stringss that are not part of this schema yield a new string with equal or higher fitness. Put 
anotherr way, for any string with a 0-allele for the first element, a mutation in the first element 
fromfrom 0 to 1 does not lead to a fitness decrease. 

Afterr checking for dominance of schemata with one defining allele, one checks for 
dominancee of all schemata containing two defining alleles, which is the set: 

{oom,{oom, oim, ïom, urn, om#, om#, im#, im#, omo, omi, imo, ïmi, 
mm,mm, mm mm #//#, mm, mm, mm, mm, moo, moi, mio, mil} 

Fromm the fitness landscape in Figure 2-6, it turns out that schema 10## and schema ##10 are 
dominant.. For all strings in which a mutation yields a string with a 1-allele for the first element 
andd a 0-allele for the second element, fitness never decreases. And, for all strings in which a 
mutationn yields a string with a 1-allele for the tiiird element and a 0-allele for the fourth 
element,, fitness never decreases. 

Sincee covers are found that include defining alleles for all elements, one can derive the 
globall  optimum from the union of the three covers: 

CC = {1###, 10##,##10} 

Thee union of these three covers yields 1010 corresponding to the globally optimal solution. The 
coverss indicate that the system can be decomposed in two subsystems of size two. The cover 
sizee of this system's architecture thus equals two. By means of a two-element mutation rule in 
eachh subsystem, the global optimum 1010 can always be found. This search strategy is the most 
efficientt search procedure to find the global optimum of this system's architecture. Only four of 
suchh mutations are needed to find the optimal solution for each of the two subsystems, where 
globall  search would require 16 mutations. 
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Stringg Wi w2 w3 w4 W String g Wii  W2 W3 W4 W W 

0000 0 
0001 1 
0010 0 
0011 1 
0100 0 
0101 1 
0110 0 
0111 1 

0.2 2 
0.2 2 
0.2 2 
0.2 2 
0.9 9 
0.9 9 
0.9 9 
0.9 9 

0.1 1 
0.1 1 
0.1 1 
0.1 1 
0.3 3 
0.3 3 
0.3 3 
0.3 3 

0.6 6 
0.2 2 
0.3 3 
0.1 1 
0.6 6 
0.2 2 
0.3 3 
0.1 1 

0.1 1 
0.8 8 
0.8 8 
0.5 5 
0.1 1 
0.8 8 
0.8 8 
0.5 5 

0.25 0 0 
0.32 5 5 
0.35 0 0 
0.22 5 5 
0.47 5 5 
0.55 0 0 
0.57 5 5 
0.45 0 0 

1000 0 
1001 1 
1010 0 
1011 1 
1100 0 
1101 1 
1110 0 
1111 1 

0.5 5 
0.5 5 
0.5 5 
0.5 5 
0.7 7 
0.7 7 
0.7 7 
0.7 7 

0.9 9 
0.9 9 
0.9 9 
0.9 9 
0.5 5 
0.5 5 
0.5 5 
0.5 5 

0.6 6 
0.2 2 
0.3 3 
0.1 1 
0.6 6 
0.2 2 
0.3 3 
0.1 1 

0.1 1 
0.8 8 
0.8 8 
0.5 5 
0.1 1 
0.8 8 
0.8 8 
0.5 5 

0.52 5 5 
0.600 ° ° 
0.62 55 ° ° 
0.50 0 0 
0.47 5 5 
0.55 0 0 
0.57 5 5 
0.45 0 0 

Figuree 2-6: Fitness landscape for decomposable system of Figure 2-5-2 
00 = local optimum, °° = global optimum 

Too test whether the cover size as a measure of complexity significantly differs from 
thee K-indicator of complexity, seven types of NK fitness landscapes have been analysed for 
N=12N=12 with K=0, K=l, K=2, K=3, K=4, K=5, and K=6 (Frenken et al. 1999a).54 For each 
valuee of K, randomly 100 landscapes have been generated and cover sizes have been 
computedd for all these landscapes. The results are listed in Table 2-1. The results are 
averagedd for 100 simulated fitness landscapes for each K-value. 

Thee results for the cover size of systems with different K-values are quite pronounced. 
Ass explained above, for K=0 is the cover size always equals 1 (with standard deviation 0) 
sincee the choice of an allele of each element can always be optimised independently of the 
alleless of other elements. For parallel optimisation, only 21=2 time units are required to find 
thee optimal solution as each element is to be evaluated for allele 0 and 1. For systems with 
K>0,K>0, cover size increases rapidly for larger K-values. For example, already for a modest 
structurall  complexity value of K=2 cover size equals about 10, which implies that about 
210=10244 trials are required to find the global optimum. Also note that the maximum value 
forr cover size, which equals N, is already approached for systems with K=6 with average 
coverr size 11.99, which indicates that K=6-systems are generally non-decomposable. From 
thee result, one can extrapolate that cover size of systems with 6<K<12 lies between 11.99 and 
12.00.. Thus, all systems with K>5 are virtually without exception non-decomposable. 

Fromm these results it can be concluded that the K-value of a system substantially 
underestimatess the complexity of a system in terms of its decomposability. The 
computationall  complexity as indicated by the cover size is much higher than the structural 
complexityy as indicated by the K-value. The results suggest that even system with moderate 
complexityy require a high amount of search time to be optimised. Since search time comes at 
aa cost, finding the global optimum may not best strategy from an economic point of view (cf. 
Simonn 1955, 1969). Below, this proposition is further elaborated using simulation. 

Forr computational simplicity bi-directional epistatic links are used, which means that each variable that 
epistaticallyy affected by a randomly chosen other variable, also epistatically affects this variable. Originally, 
Kauffman'ss model is based on uni-directional links, but the use of bi-directional links does not change the 
qualitativee properties of NK-systems with regard to their decomposition, since both uni-directional links and bi-
directionall  links can cause local optima among two elements, though uni-directional links less probable so. 
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K-value e 

coverr size 
(standardd deviation) 

0 0 

1.00 0 
(0.00) ) 

1 1 

4.25 5 
(1.39) ) 

2 2 

10.09 9 
(1.92) ) 

3 3 

11.62 2 
(0.63) ) 

4 4 

11.89 9 
(0.35) ) 

5 5 

11.96 6 
(0.20) ) 

6 6 

11.99 9 
(0.10) ) 

Tablee 2-1: Average cover size for 0 <K<6 (N=12). 

2.3.33 Satisficing 

Fromm the previous simulation it has been concluded that even for systems that have relatively 
feww dependencies between its elements, finding the global optimum would require an 
extremee amount of search time. In many cases, the global optimum can only be found by 
meansmeans of exhaustive search testing all strings in the design space on fitness or by searching 
veryy large areas of the design space. For example, relatively "simple" systems with N=12 and 
K=2K=2 have on average a cover size of about 10. This implies that global optimisation would 
require,, on average, 210 = 1024 trials. And, for systems with N=12 and K>2, the cover size 
quicklyy approaches the maximum value of 12 indicating that global optimisation requires 212 

== 4096 trials. 
Designerss are not expected to search in such large design spaces as their resources to 

searchh the design space are limited (Simon 1955, 1969). A local search strategy involving 
mutationss in one or few elements at the time would require much less computational 
resources.. When time and resources are scarce and thus discounted for, local search strategies 
mayy turn out to be economically more successful compared to the global search strategy. 

Simonn (1955,1969) already stressed in this context that designers faced with complex 
systemss are expected to engage in what he called "satisficing" instead of optimising, because 
aa satisficing strategy requires much less computational time and resources compared to the 
optimisingg strategy. Satisficing refers to search procedures that lead to "good enough" 
solutionss instead of optimal solutions. One satisficing strategy is to apply a local search 
strategyy to find a solution to a non-decomposable system that would require a global search 
strategyy to be optimised (Simon 1969 [1996]: 119-120). Though such a local search strategy 
iss likely to lock-in into a local optimum, it requires much less time and resources compared to 
thee optimising strategy. 

Satisficingg strategies can be understood as meta-strategies in the sense that these 
strategiess try to balance the loss in fitness as a result of becoming trapped in a local optimum 
withh savings on time and resources required to perform the search. Such strategies are also 
calledd "heuristics", which can be denned as ways to reduce to search space in order to 
economisee on time and resources (Nelson and Winter 1977; Dosi 1982; Van Lente 1993; 
Metcalfee 1995). 
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Too test whether a satisficing strategy requires substantially less time than an 
optimisingg strategy, Frenken et al. (1999a) computed the cover size of systems, the 
optimisationn of which allows for a margin of error called a "satisficing threshold" e. The 
satisficingg threshold stands for the percentage of fitness that a solution is allowed to deviate 
fromfrom the fitness of the global optimum. Thus, when s=0.10 the satisficing search strategy 
acceptss all strings that have fitness equal of higher than ninety percent of the fitness value of 
thee global optimum. 

Thee concept of "e-cover size" of an NK-system can be understood with reference to 
thee satisficing threshold. The e-cover size of a complex systems corresponds to the size of the 
largestt of subsystems in which a system can be decomposed such that optimising each 
subsystemm leads with full certainty to a solution with fitness that is equal or higher than (/-£•) 
timess the optimal solution. 

Forr example for e=0.10, the e-cover size is the size of the largest of subsystems in 
whichh the system can be decomposed such that optimising each subsystem leads to finding a 
solutionn that has fitness that is equal or higher than 0.90 times the fitness of the optimal 
solution.. In other words, e=0.10 means that agents accept all solutions that are at most 10 
percentt lower than the optimal solution. One can thus understand e as the tolerated "error" in 
thee fitness of solutions as a percentage of the optimal solution. 

Inn Figure 2-7, the results from Frenken et al. (1999a: 158) on e-cover size are plotted 
forr N=12-systems with values of satisficing threshold s ranging from 0 to 0.55 and with K-
valuess ranging from K=0 to K=6.55 The case of s=0.0 corresponds to the cover size results 
givenn in Table 2-1 above. In this case designers do not tolerate any error in the fitness of 
solutionss i.e. designers only accept the optimal solution as in the original application of cover 
size.. As the e-value increases, the required fitness of the solution is relaxed, and the cover 
sizee sharply decreases. The more one relaxes the fitness requirement, the smaller the cover 
sizee of a system, and the faster designers reach a solution. As expected, the tolerance of error 
inn the fitness of the solution pays off in terms of the smaller amount of time required. 

-K=0 0 
-K=1 1 
-K=2 2 
K=3 3 

-K=4 4 
-K=5 5 
-K=6 6 

0.000 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 

Satisf.. Threshold 

Figuree 2-7: e-cover sizes of N=12 systems for different values of e and K 
(from:: Frenken etal. 1999a: 158) 

'' The algorithm to calculate E-cover size can be found in Frenken et al. (1999a). 
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Importantly,, every reduction by 1 in the cover size corresponds to a decrease by half 
off  the time required to complete the search. The benefits in terms of the amount of time and 
resourcess that are saved thus increase exponentially for each reduction by 1 in e-cover size. 
Forr example, for s=0 and K=2, cover size equals 10 which implies that 210 = 1024 trials are 
requiredd to find the optimal solution. Relaxing the performance requirement to £=0.20 for 
systemss with K=2, e-cover size only equals 7 which implies that only 128 trials are required 
too find a satisfactory solution. Search is thus eight times faster when a loss in fitness of at 
mostt 20 percent is tolerated. In a situation of competing firms, a firm that wants to offer the 
optimall  design to its users requires 8 times as much time to bring a product to the market 
comparedd to a firm that offers a design with at most 20 percent less performance. 
Furthermore,, assuming that each firm incurs a fixed cost per trial, the firm aiming to design 
thee optimal design also requires a search budget that is 8 larger compared to the other firm. 

Thee results suggest that in complex non-decomposable landscapes, firms with an 
optimisingg strategy that aims to find the global optimum are not expected to be competitive 
comparedd to firms with a satisficing strategy that aims at reasonably good designs. The 
complexityy involved in optimising a complex system is such that the fitness of the optimal 
solutionn generally does not justify the time and resources required to find it. This result is 
consonantt with Simon's (1969 [1996]: 28) observation that: 

"(i)n"(i)n  the face of real-world complexity, the business firm turns to 
proceduresprocedures that find good answers to questions whose best answers are 
unknowable." unknowable." 

Fromm our analysis, one can add to the last part of this statement "or whose best answers are 
tooo expensive to find". Thus, in cases were best answers could be found at all, it is often too 
expensivee to look for these answers. 

2.3.44 Competing agents with different types of search strategies 

Thee conclusion drawn above has been further illustrated by simulation exercises reported in 
Frenkenn et al. (1999a). In one simulation56, agents with different decomposition schemes are 
competingg on some fitness landscape of size N=12. Each agent is defined by a given 
decompositionn of the system into sub-systems and generates new points by choosing 
randomlyy one of the subsystems, and mutating its elements (possibly all of them) randomly. 

Forr instance, consider an agent who follows the decomposition strategy 
D={{{  1,2,3},{4,5,6,},{7,8,9},{10,11,12}}. This agent decomposes the search space into four 
subsystemss of three elements. In order to generate a new point, the agent chooses randomly 
onee of these four subsystems, and then mutates some (possibly all) of the elements in the 
chosenn subsystem. The fitness value of the new point is observed: if such a fitness is higher 
thann the one of its current position the agent moves to it, and the latter becomes the new 
startingg point, otherwise the agent remains where it is. This step is iterated. Thus, what 
differentiatess agents is only the way they generated new points to be tested i.e. their search 
strategy,, which in turn is determined by their decomposition of the search space. 

Al ll  simulations have been programmed using the simulation platform called LSD (Laboratory for  Simulation 
Development)) that has been developed by Valente (1998, 2000). One can find downloadable code, user's 
manuals,, and details on other  simulation programs at the site: www.business.auc.dk/lsd. 
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Off  course, a huge number of possible decompositions exist that agents can follow. 
Simulationn is restricted to those decompositions that have subsystems of equal size. For 
N=12,N=12, there are six possible decomposition and, correspondingly, six types of agents, named 
afterr the dimension of the sub-problems into which they decompose the problem: 

{1},{2},{3},{4},{5},{6},{7},{8},{9}{10},{11},{12} } } 
{1,2},{3,4},{5,6},{7,8},{9,10},{11,12} } } 
{1,2,3},{4,5,6},{7,8,9},{10,11,12}} } 
{1,2,3,4},{5,6,7,8},{9,10,11,12}} } 
{1,2,3,4,5,6},, {7,8,9,10,11,12}} 

Agentt  type 12: D = {{1,2,3,4,5,6,7,8,9,10,11,12}} 

Wee first checked whether agents whose decomposition perfectly reflects the structure of the 
underlyingg landscape are actually able to find its global optimum irrespectively of the initial 
conditions.. To test this hypothesis five57 kinds of random landscapes with given architectures 
havee been built. The matrices of epistatic relations between elements are given in Appendix 
II.II.  The corresponding landscapes are named after the size of the corresponding cover and 
givenn in Figure 2-8 (where + stands for a defining alleles and # stands again for any allele). 

Agentt  type 1: 
Agentt  type 2: 
Agentt  type 3: 
Agentt  type 4: 
Agentt  type 6: 

DD = 
DD = 
DD = 
DD = 
DD = 

Landscapee type 2: {(++##########); (##++########); (####++######); (######++####); (IIIIIInilIIII #++##); (IINIIIIIIIIIttt##++)} 

Landscapee type 3: {(+++mmmm#); (###+++######); (######+++###); (#########+++)} 

Landscapee type 4: { ( M I  I llllllllllltllll);  (####++++####); (########++++)} 

Landscapee type 6: { ( H I M i IIIIII  till  II);  (######++++++)} 

Landscapee type 12: { ( H l l l l H i l i i ) ) 

Figuree 2-8: cover of the five simulated five landscapes 

Agentss that have a decomposition scheme that includes the exact cover of the landscape can 
findfind the global optimum of landscapes. For example, landscape type 2 is the fitness landscape 
off  a system that can be divided in the following six subsystems of two elements: 
{1,2},{3,4},{5,6},{7,8},{9,10},{11,12} .. Therefore, agents type 2 can find the global 
optimumm as it uses the corresponding decomposition schema, but agents type 4, 6 and 12 can 
alsoo find the global optimum as their decomposition schemes includes the finer 
decompositionn scheme of agent type 2. 

Simulationss by Frenken et al. (1999a) show indeed that landscape 2 can be globally 
optimisedd by agents types 2, 4, 6 and 12, landscape 3 can be globally optimised by agents 
typess 3, 6 and 12, landscape 4 by agents types 4 and 12, landscape 6 by agents types 6 and 
12,, and landscape 12 by agents types 12. Moreover, given the right decomposition, the finer 
decompositionn schemes find the global optimum faster than the less fine decomposition 
scheme.. For example, landscape 4 is fastest optimised by agents of type 4 and slower by 
agentt types 12 (Frenken et al. 1999a: 161). 

577 Landscapes of Cover Size one are omitted, because they are trivial. 
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Figur ee 7: Averag e Numbe r of Agent s per Class 

{averagee on 10 runs) 

800 0% -, 

711 1 si 1 JT LL ^ T it it 
LL 2 L 3 L 4 L 6 L 12 

DNumClassII 2 DNumClass3 DNumClass4 6 DNumClass12 | 

Figuree 2-9: Number of agent types after 1000 mutations and 100 selection rounds 

Ourr interest here is to show that optimising strategies that are able to find the global 
optimumm given enough search time can be outperformed by satisficing strategies that are 
generallyy not able to find the global optimum, but reach good solutions in much shorter 
searchh time. In order to test this proposition, a set of simulations has been run in which 
differentt agents using different decompositions compete. All agents start from a random point 
inn the landscape and explore it according to their individual decomposition scheme (180 
agents,, 30 for each of the six agents types). After each round of 10 mutations, agents are 
rankedd according to their fitness. Selection is specified as the removal of worst scoring 
agents,, which are replaced with "copies" of other agents. In the simulations, each selection 
roundd removes the 30 worst scoring agents and replaces them by copies of 30 agents who are 
randomlyy chosen among the other surviving agents. Figure 2-9 shows the average number of 
agentss types over 10 different simulation runs on each of the landscapes considered for 1000 
mutationss and 100 selection rounds. 

Thee results show that for decomposable systems (landscapes 2, 3, 4 and 6), agents 
withh the finest possible decompositions come to dominate the population of agents. Thus, 
agentss types 2 dominate when cover size is two, agents types 3 dominate when cover size is 
three,, agents types 4 dominate when cover size is four, and types 6 dominate when cover size 
iss six. However, for landscapes with cover 12 i.e. for non-decomposable landscapes, agents 
off  type 12 do not dominate the population of agents, although agents type 12 is the only type 
off  agents that will always find the global optimum would selection have been absent. Instead, 
agentt types 3 and 4 dominate the population in this non-decomposable landscape, even 
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thoughthough they are generally bound to get locked-in into a local optimum. The reason for this 
resultt is that agent types that search within sub-spaces of size 3 and 4 require much less time 
too find reasonable solutions than agents that search the whole design space of size 12 require 
too find the global optimum. 

Thiss simulation exercise confirms the previously drawn conclusion that in complex, 
non-decomposablee landscapes, firms with an optimising strategy that aims to find the global 
optimumm are generally not competitive compared to firms with a satisficing strategy that aims 
att reasonably good designs. The complexity involved is such that the fitness of the optimal 
solutionn generally does not justify the time required. 

2.3.55 Near-decomposability 

Wee concluded that optimising the design of a complex system by means of exhaustive search 
inn the entire design space is generally not expected to be a viable strategy. Local search 
strategiess require much less time and resources to find reasonable solutions in terms of 
fitness.. However, not every kind of local search strategy will be equally successful in terms 
off  the time and resources required and the fitness of the solution reached. The question that 
followss is what kind of local search strategies, or "heuristics", are expected to be most 
successfull  in finding reasonably good solutions to complex designs problems using littl e 
computationall  time and resources. 

Forr one set of complex systems, called nearly-decomposable systems, a very powerful 
heuristicc can be followed. Nearly-decomposable systems are systems that are non-
decomposable,, but have a structure of epistatic relations such that the majority of these 
relationss are located within subsystems (Simon 1969 [1996]: 197-210; Nelson and Winter 
1977:: 53; Dennett 1995 [1996]: 215). 
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Figuree 2-10: Architecture of epistatic relations of a nearly-decomposable system 
(from:: Frenken et al. 1999a: 164) 
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Frenkenn et al. (1999a: 162-165) simulated the fitness landscape of a non-
decomposable,, but nearly-decomposable system of 12 elements. In this system, there are 
threee subsystems containing four elements each that are all epistatically interrelated. 
Furthermore,, one element in the first subsystem (n=4) epistatically affects the fitness of an 
elementt in the second subsystem (w5), and one element in the second subsystem (n=8) 
epistaticallyy affects the fitness of an element in the third subsystem (W9). The architecture of 
thee system is given in Figuree 2-10. 

Simulationss of the fitness landscape of this system showed that this system is non-
decomposablee i.e., has a cover size equal to 12. The optimising strategy to find the globally 
optimall  solution is the exhaustive 12-element mutation strategy, which requires 212 = 4096 to 
findd the global optimum with full certainty. However, a satisficing strategy that searches only 
withinn the three subsystems of four elements with up to four-element mutations, achieves 
higherr fitness value much faster compared to the optimising strategy. 

Thee specification of a simple evolutionary selection mechanism58 shows that agents 
withh the optimising 12-element mutation strategy die as they are too slow to improve then-
fitnesss compared to agents with the satisficing four-element mutation strategy covering the 
structuree of epistatic relations. Agents applying satisficing strategy are able to improve their 
fitnesss much faster, and accordingly, drive out agents with the optimising strategy. 

Thiss simulation exercise shows that nearly-decomposable systems are best searched 
byy ignoring the rare epistatic relations between subsystems and by restricting search within 
subsystems.. It thus explains that systems with a nearly-decomposable architecture of epistatic 
relationss are expected to be very common, since for these systems it is relatively easy to find 
aa well-working design. This conclusion has been drawn previously by various scholars in 
variouss contexts (Simon 1962, 1969, 1973; Dennett 1995; Schilling 2000). This result 
confirmedd the early discussion of Simon (1969) on nearly-decomposable systems, in which 
hee stated that nearly-decomposable systems have the advantage that these can be improved 
byy changes within each subsystem without the need to coordinate in between subsystems. 
Thee contribution in this chapter has been to formalise the principles of decomposability and 
near-decomposabilityy in an evolutionary model. 

2.44 SUMMARY 

Inn this Chapter 2, the main line of argument to transfer the NK-model from evolutionary 
biologyy into the realm of human problem-solving held that, analogously to the biological 
modell  of mutation and selection, human search can be modelled as trial-and-error. In both 
situations,, an algorithm can be specified that leads to the discovery of peaks in a fitness 
landscape.. The NK-model thus provides one with a general way to construct complex fitness 
landscapess that represent the trade-offs between the functioning of different elements in a 
technologicall  system. In future research NK fitness landscapes can be introduced in existing 
modelss in evolutionary economics that previously assumed non-complex search spaces. 

588 Selection is specified as follows. Out of a population of 180 agents - the number  of agents in the population is 
arbitraril yy chosen - the 30 worst scoring agents are removed and replaced with agents that "copy"  one search 
strategyy of the other  surviving agents. Copies are new agents that inherit the parent's decomposition scheme, but 
exploree the landscape starting from a different, randomly assigned string in design space (Frenken et al. 1999a). 
Thee simulation program used is called LSD (Laboratory for  Simulation Development) that has been developed 
byy Valente (1998,2000), www.business.auc.dk/lsd. 
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Exampless of non-complex search space include the models that represent the search space as 
coordinatess in capital-labour space as in Nelson and Winter (1982), Winter (1984), Silverberg 
etet al. (1988), Andersen (1994), Dosi et al. (1995), Jonard and Yildizoglu (1998), and Oltra 
(1998).. The search space part in these models can be replaced by a complex search space 
basedd on the NK-model as to render these models more realistic with regard to the 
complexitiess in problem-solving activity. 

AA number of other issues have recently been addressed using the framework of the 
NK-model,, including models of epistatic relations in a set of business strategies. Judging 
fromm the number of recent studies, the NK-model could well come to provide the basic 
frameworkk of a new research program in evolutionary economics (Kauffman and Macready 
1995;1995; Frenken et al. 1997; Levinthal 1997; Baum 1999; Camineti 1999; Frenken et al. 1999a; 
McKelveyy 1999a, 1999b; Auerswald et al. 2000; Frenken and Windrum 2000; Gavetti and 
Levinthall  2000; Ghemawat and Levinthal 2000; Kauffman et al 2000; Marengo et al. 2000; 
Rivkinn 2000; Valente 2000; Frenken 2001a). I will not go into the outlines of such a research 
programm in the coming chapters, but I will do so in the final Chapter 9 where issues for 
furtherr research are discussed. In the coming chapters, I limit the discussion of the NK-model 
too the application of the model to product technology, which can be considered as a sub-
programm of a larger modelling research program that is discussed in the final Chapter 9. 

Summarisingg the principal insights in this chapter, it has been argued that 
evolutionaryy models based the one-element mutation strategy ignore the fact that, contrary to 
biologicall  evolution, mutation in human problem-solving is not restricted to one-element 
mutation,, but includes mutations in any number of elements. This argument led me to follow 
Page'ss (1996) suggestion to define the complexity of a system in terms of the 
decomposabilityy of a system. In this view, the largest of the subsystems in which a system 
cann be decomposed bounds the computational complexity of a system. 

Inn discussing the trade-off between time-efficiency in search and the fitness of the 
stringg that is found, it has been concluded that in evolutionary contexts, strategies that aim to 
findfind the string with highest fitness are not necessarily most successful. Alternative 
"satisficing""  strategies that also accept "good enough" solutions with fitness close to the 
fitnesss of the global optimum, can be expected more successful in evolutionary contexts. 
Satisficingg strategies are heuristic strategies as they aim to reduce search time at the cost of 
fitness.fitness. Heuristic search strategies require less time and resources compared to optimising 
strategies.. Therefore, heuristic strategies can well be more successful in evolutionary contexts 
wheree time and resources required for search play an important role. Heuristics strategies are 
exampless of how designers can search intelligently under bounded rationality, i.e. when they 
lackk precise information on the odds of success and failure of mutations (Simon 1969). 

Too claim that optimising strategies compared to heuristic strategies are unlikely to be 
successfull  in competitive environments is only a negative statement. The question that 
followss is what type of heuristics is likely to be most successful. One example of a powerful 
heuristicc was given for non-, but nearly-decomposable systems. These systems have a 
structuree of epistatic relations in which that the majority of epistatic relations are located 
withinn subsystems and only few epistatic relations exist between subsystems. An 
evolutionaryy simulation model showed that for nearly-decomposable systems a satisficing 
strategyy that searches through random mutation in elements within each subsystem is superior 
too an optimising strategy that searches by random mutations in all elements at the same time. 
Thiss result confirmed the early discussion of Simon (1969) on nearly-decomposable systems, 
inn which he stated that nearly-decomposable systems have the advantage that these can be 
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improvedd by changes within each subsystem without the need to coordinate in between 
subsystems. . 

Thiss example of a heuristic search strategy in nearly-decomposable system, however, 
iss just one very specific example of a heuristic. It applies only to systems that are 
characterisedd by a nearly-decomposable structure of epistatic relations. Moreover, this 
examplee of a heuristic strategy is not very sophisticated as it is still based on random 
mutationss in elements. As discussed in Chapter 1, students of technological development 
havee stressed that human search is indeed best characterised as local, but not as random 
(Rosenbergg 1969; Nelson and Winter 1977; Dosi 1982; Van den Belt and Rip 1987; 
Bradshaww 1992; Metcalfe 1994). Rather, designers direct their design activity to some 
selectedd problems that are considered most important, and limit search to those elements in a 
systemm that are considered to be related to these problems. The priority ranking of sub-
problemss is informed by information on the preferences of particular user groups. This type 
off  user-informed heuristic search is fundamentally different from the strategies discussed in 
thiss chapter. 

InIn Chapter 3,1 will show how the non-random user-informed nature of technological 
innovationn can be modelled in the framework of the NK-model. To this end, a generalisation 
off  the NK-model is required that includes a fitness function based on multiple quality 
attributess (speed, comfort, safety, fuel-efficiency etc.) instead of a fitness function based on 
onee quality attribute underlying Kauffrnan's original NK-model. In the generalised model, 
non-randomm search can men be operationalised as an algorithm that sequentially optimises 
differentt quality attributes according to the ranking users apply. This algorithm can be further 
extendedd in the case different user groups exist, each of which have a different ranking of 
qualityquality attributes. 

Inn Chapter 4, the generalised model as developed in Chapter 3 wil l in turn be 
specifiedd substantially as a model of the product life-cycle. This specification informs the 
empiricall  analyses on product evolution in a number of industries, which are reported in the 
chapterr in Part III  of this study. 
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Chapterr  3 

AA generalised model of product innovation in complex systems 

Analogouss to random mutation as the source of variation in biological evolution, search in a 
designn space has been modelled in the previous chapter as an algorithm that randomly 
mutatess one or more elements of a complex system. The assumption of random mutation 
followss the majority of models in evolution economics (Nelson and Winter 1982; Andersen 
1994;; Auerswald et al 2000; Kauffman et al 2000). The argument holds that the outcome of 
investmentss in Research and Development are inherently uncertain, and can therefore best be 
modelledd as a random move in a design space. 

Althoughh random mutation models in evolutionary economics acknowledge the 
inherentt uncertainty of investments in R&D, the conception of innovation as an exogenous 
eventt still prevails. Assuming that innovation occurs randomly implies that innovation is 
conceptualisedd as exogenous to agents' behaviour. To some extent, evolutionary models have 
endogenisedd innovation, for example, by assuming that the rate of mutations is a function of 
thee level of R&D investment (Nelson and Winter 1982). However, the direction of 
innovationn is still randomised as innovations are modelled as stochastic moves in whatever 
directionn in capital-labour space. 

Severall  students of technological development, however, have stressed the non-
randomm nature of technological innovation. In their own appreciative work on technological 
development,, Nelson and Winter (1977) themselves stressed that firms apply heuristics that, 
onn the one hand, define a number of core technological concepts and, on the other hand, 
guidee innovative activity in particular directions of improvement. Similarly, Dosi (1982) 
speakss of technological trajectories of incremental and cumulative innovations that are based 
onn technological paradigms. These series of innovations are not "blind" but based on a 
particularr knowledge base and a particular set of functional attributes of the technology. 
Heuristicss in search thus include both means and ends, i.e. (/) guidelines concerning the 
elementss in which innovations take place and do not take place, and («) guidelines 
concerningg the functional attributes to be improved and to be sacrificed. 

Thee possibility of directed instead of random mutation in human problem-solving 
constitutess an important difference between technological evolution and biological evolution. 
Inn biological evolution, genes have an equal probability to be mutated as mutations are 
consideredd "copying errors" in the reproduction process of genes from parent to offspring. 
Thee state of the selection environment bears no influence on the probability of a gene to 
becomee subject of mutation. By contrast, human problem-solving in technological systems is 
generallyy motivated by improving particular functional attributes of the system. More 
precisely,, before designers engage in search they generally have a mental model of the future 
userr group. The mental model guides search into particular directions rather than in other 
directions.. In modelling terms, the mental model restricts mutations to take place only in 
particularr elements of a system, which are considered instrumental for improvements of 
particularr kinds. 

Withh the introduction of the term "user-producer interaction", Lundvall (1988) 
emphasisedd the importance of the coupling between design activity with particular user 
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groups.. Different social groups can be distinguished that put different meanings to a 
technologyy and have different interests regarding the directions in which it is to be improved 
inn the future (Pinch and Bijker 1984). Search in technological systems is therefore not 
characterisedd by randomness but by bias. Depending on the user group that designers have in 
mindd as the future users of their technology, search is directed in particular directions rather 
thann other. The evolutionary metaphor of "the struggle for survival" in biological evolution 
doess no longer apply to the evolution of technologies. Rather, one can consider technological 
evolutionn as being dependent on the "social struggle" between different user groups that try 
too influence the future direction of technological development in different directions. 
Possibly,, the existence of different user groups leads designers to follow a strategy of product 
differentiationn rather than aiming at a design that suits all user groups. 

Thiss chapter contrasts random search to non-random search in complex technological 
systems.. The objective of this chapter is to show a way in which the directed nature of 
technologicall  innovation can be modelled as resulting from the interaction between 
designers'' search activity and particular user groups. To model non-random and random 
searchh within the NK-model, the NK-model is first extended to include a more general 
representationn of the selection environment. Building on work by Altenberg (1995, 1997), I 
generalisee Kauffrnan's (1993) original NK-model of complex systems to include systems that 
aree selected on the basis on multiple functional attributes (speed, size, comfort, safety, etc.) 
insteadd of a single functional attribute. Using this generalised model, trade-offs between 
differentt functional attributes can be formally represented. Different user groups can be 
distinguishedd by the way they rank the different functional attributes. 

AA search algorithm wil l then be specified that is different from random mutation. The 
alternativee search strategy, called "function space search", sequentially optimises functional 
attributess starting with the most preferred and ending with the least preferred attribute. The 
mostt preferred attribute is optimised by directing mutations solely to those elements that 
affectt the level of this attribute. The second most preferred attribute is optimised by directing 
mutationss to only those elements that affect this attribute but that do not affect the most 
preferredd attribute that already has been optimised. The third most preferred attribute is 
optimisedd by directing mutations to only those elements that affect this attribute but that do 
nott affect the most preferred and the second most preferred attributes that have already been 
optimised,, et cetera. By means of this algorithm, designers are able to direct mutations to 
sequentiallyy optimise attributes for specific user groups according to the ranking that 
characterisess each user group. The application of the algorithm implies that different design 
solutionss can be found for different user groups resulting in product differentiation. What is 
more,, function space search is also a way to reduce search time as function space search is 
limitedd to subsets of elements that affect a particular function. 

Apartt from the generalisation of the NK-model to include the possibility of different 
userr groups, the NK-model is also generalised to include innovations that are of a different 
kindd than mutations in an element. Following Henderson and Clark (1990), I distinguish 
betweenn modular, architectural, incremental, and radical innovation. Modular innovation 
correspondss to a mutation in one or more elements as in the original NK-model. It is shown 
howw the three other types of innovation can be modelled in the (generalised) NK-model. The 
introductionn of the types of innovation within the complex systems framework can be 
consideredd as further generalisation of the biological model into a model of complex 
technologicall  systems. 
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3.11 ALTEN BERG'S GENERALISED NK-MODEL 

Thee NK-model is based on the idea that each element in a system performs its "own" sub-
functionn within the system with regard to the attainment of one overall function on which 
selectionn operates. Each element n is conceived to have a particular fitness value w„  that 
reflectss its functional contribution to the system as a whole. The fitness of the system as a 
wholee FT is derived as the average of the fitness of each individual element wn. 

Thee system's fitness can be thought of as an uni-dimensional measure of 
performance.. For example, as in the neoclassical theory of the production function, it can be 
thoughtt of as the cost efficiency of a process technology in transforming inputs into a given 
output.. It is in this way that Auerswald et al. (2000) and Kaufrman et al. (2000) used the NK-
modell  to model process technologies, or, as they call it, "production recipes". Each recipe 
referss to a particular design of a production system that contains N "operations" that 
collectivelyy produce a given output. For each operation n there exists An alleles that refer to a 
sett of discrete choices for this operation. Each string then refers to a recipe i.e. a particular 
organisationn of the production process. 

InIn these models, fitness of a technology is measured by labour-efficiency. This 
specificationn corresponds to the learning-by-doing model of Arrow (1962a) in that the 
efficiencyy of technologies is expressed in labour-efficiency assuming the capital/output ratio 
too be constant. The novelty in the model concerns the assumption of epistatic relations 
betweenn pairs of operations, which render the labour-efficiency of an individual operation 
dependentt on the choice of other operations. Firms can therefore not simply choose the 
optimall  process technology as it is assumed in the original neoclassical model of the 
productionn function.59 They have to engage in hill-climbing on the fitness landscape by 
experimentingg with different combinations of operations through trial-and-error. Search in 
"recipee space" through hill-climbing leads a firm to a locally optimal fitness peak with fitness 
definedd as labour-costs per unit output.60 

Thoughh the NK-model can be straightforwardly applied as a model of search for 
designss of process technologies, it is argued here that the application of the NK-model to an 
individuall  product technology as a car or an aircraft is problematic. The fitness value of an 
individuall  element w„  refers to the performance of an individual element with regard to its 
sub-functionn in relation to the attainment of one overall function of the system as a whole. 
Thiss specification is based on the idea that each element « performs an "own" sub-function 
withinn the system, and the degree in which this function can be realised w„ , depends on the 
choicee of alleles of AT elements with which it is epistatically related. 

Thiss description falls short as a description of a system that is selected on the basis of 
multiplee selection criteria as it is generally the case for product technologies. For example, an 
epistaticc effect of a vehicle's suspension on a vehicle's engine renders the car's fuel-
efficiencyy dependent on both the choice of allele of the suspension element and the choice of 

599 As pointed out by Auerswald et al. (2000) and Kauffinan et al. (2000), firms in this NK-model look for 
combinationss of operations that are complementary. This model can thus also be considered as an elaboration of 
transactionn cost theory (Coase 1937; Williamson 1985). In mis theory, firms are considered efficient 
institutionall  forms of production that internalise the benefits arising from complementary operations (called 
"intranalities",, Kauffman et al. 2000: 145). In this context, benefits from centrally coordinating individual 
operationss stem from dynamic efficiencies: only when the choice of allele is coordinated with respect to the 
choicee of other alleles high local optima can be found (cf. David 1994b: 213-215). 

Ass shown by Auerswald et al. (2000), the fitness of strings found by successive mutations reproduces the 
logisticc learning curve, which is a stylised fact in the cost per unit output (see also Section 1.1 of this study). 

87 7 



allelee of the engine element. And, an epistatic effect of a vehicle's suspension on a vehicle's 
tiress renders the car's comfort dependent on both the choice of allele of the suspension 
elementt and the choice of allele of the tire element. In this example, the suspension element 
affectss two selection criteria of a car, and cannot be considered as having an "own" sub-
function.. A generalised model of complex systems described by N elements and F functions is 
neededneeded to deal with systems that are selected on multiple selection criteria. This model has 
beenn developed by Altenberg (1995, 1997) in the context of the evolution of complex 
biologicall  systems, and will be used here as a model of complex technological systems. 

3.1.11 Genotype-phenotype map 

Altenbergg (1997) developed a generalised model of complex biological organisms, which can 
bee used to model a complex product technology. Altenberg's generalisation of the NK-model 
providess a model of complex systems containing N elements (n=l,...,N) and F functions 
(f=l,...,F).(f=l,...,F). In biological systems, for which Altenberg's generalised NK-model was 
conceived,, an organism's N genes are the system's elements and an organism's F traits are 
thee selection criteria. The string of genes constitutes an organism's genotype and the set of 
traitss constitutes an organism's phenotype. At the level of the genotype of an organism, 
mutationss take place, which are transmitted in its offspring. At the level of the phenotype of 
ann organism, natural selection operates in terms of its relative success to produce offspring. 

AA single gene can affect one or several traits in the phenotype and a single trait can be 
affectedd by one or several genes in the genotype. The number of traits that is affected by a 
particularr gene in the genotype is referred to as a gene's "pleiotropy".61 The number of genes 
thatt affects one particular trait in the phenotype is referred to as a trait's "polygeny" 
(Altenbergg 1997). The structure of relations between genes and traits can be represented in a 
"genotype-phenotypee map". This map specifies which genes affect which traits. An example 
off  a genotype-phenotype map of a system with three genes (N=3) and two traits (F=2) is 
givenn in Figure 3-1-1. 

/ / 

• • 

n=l n=l 

f=l f=l 
• • 

f=2 f=2 
• • 

• • 

«=2 2 

\ \ 

• • 

n=3 n=3 

Figuree 3-1-1: Example of a genotype-phenotype map (N=3, F=2) 

Matthewss (1984) introduced the concept of pleiotropy in evolutionary organisation theory. 
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Analogously,, a technological system can be described in terms of its N elements and 
thee F functions it performs. Typical - by no means universal - functional attributes of 
technologiess are speed, size, weight, comfort, safety, et cetera. The string of alleles describes 
thee "genotype" of a technological system, and the list of functional attributes describes the 
"phenotype""  of this system. Different from neoclassical production function models in which 
fitnesss of a technology is expressed by a single selection criterion (cost efficiency), the fitness 
off  product technology is to be expressed by some function of the levels of multiple functional 
attributess (product quality). 

Functionall  attributes of product technologies are generally called characteristics since 
Lancasterr (1966, 1971, 1979, 1990) and Ironmonger (1972) introduced this concept in 
economicc theory.62 Lancaster argued that demand for a consumer technology should be 
understoodd as demand for the bundle of service characteristics that is embodied in a product. 
Here,, I follow Lancaster (1979: 17), who stated that: 

"(individuals"(individuals are not interested in goods for their own sake but because of 
thethe characteristics they possess. " 

Wheree Lancaster described product technology solely in terms of the quality attributes that 
aree taken into account by users, Saviotti and Metcalfe (1984) proposed to describe 
technologiess in terms of both technical and functional attributes. They speak of "technical 
characteristics""  referring to the technical dimensions of an artefact, and of "service 
characteristics""  referring to functional attributes of an artefact. Technical characteristics are 
forr example the type of engine, tires and materials used in cars, which are chosen by 
designers.. Service characteristics are for example speed, safety and comfort, which are the 
dimensionss that users take into account when they compare different designs. Importantly, 
designerss can achieve particular levels of service characteristics only through the right choice 
off  technical characteristics. Saviotti (1996: 66) speaks of a "twin" characteristics approach 
includingg an "imaging" pattern between technical and service characteristics. 

Thee terminology of technical and service characteristics wil l also be used here 
throughoutt this study. The technical characteristics of a product concern the alleles of 
elementss in a system {e.g., a car with a gasoline engine, spring suspension, and block brakes). 
Thee alleles of elements in a system are the subject of manipulation by designers as they 
searchh in design space by experimenting with different combinations of alleles. Service 
characteristicss are the "selection criteria" of a product technology that users take into account 
inn their purchasing decision.63 Following this conceptualisation, an artefact can be considered 
ass the "interface" between the designer who constructs the internal system and the user who 
makess use of the services it provides in particular user contexts (Simon 1969 [1996]: 6; 
Saviottii  1986, 1996; Andersen 1991, 1994). 

Analogouss to the biological model, technical characteristics make up the "genotype" 
off  a product technology and service characteristics make up the "phenotype" of a technology. 
Followingg Altenberg (1997), the product architecture of epistatic relations between elements 
regardingg particular functions can be represented as a genotype-phenotype map. The example 
givenn in Figure 3-1-1 represents a technological system that contains three elements and two 

622 See also Thisse and Norman (1994), 
66 In the empirical framework proposed by Saviotti and Metcalfe (1984), technical characteristics and service 
characteristicss can refer to discrete variable as well as continuous variables, while in Altenberg's systems 
frameworkk technical characteristics refer to elements with discrete choices for alleles, and service characteristics 
referr to continuous characteristics expressing the degree of fitness with regard to a function. 
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functions.. The epistatic relations in the system are such that the first and second elements 
epistaticallyy affect the first function, and the second and third elements epistatically affect the 
secondd function. Each product architecture can be represented by a matrix that describes 
whichh elements affect which functions in a technology (cf. Saviotti and Metcalfe 1984; 
Saviottii  1996: 66). 

Thee matrix describing the architecture of epistatic relations contains F functions and N 
elementss yielding a matrix of size FxN. I call the matrix the element-function matrix M, for 
whichh holds: 

^^ = [ « > ] .ƒ = ! F,n = l,...,N (3.1) 

Thee cells in the matrix m/„  indicate the presence or absence of an epistatic relation between 
functionn ƒ and element n. As in the original NK-model, "x" represents that function ƒ is 
affectedd by element n, and "- " represents that function ƒ is not affected by the element«. 

Eachh element is assumed to affect at least one function. If an element does not serve a 
functionn it is redundant in the (functional) description of the system. And, each function is 
assumedd to be affected by at least one element. When a function is not affected by any 
elementt it is zero by definition (Altenberg 1995). As an example, the matrix of the system's 
architecturee in Figure 3-1-1 is given in Figure 3-1-2. 

n=ll  n=2 n=3 

functionalityy f=l x x 
functionalityy f=2 - x x 

Figuree 3-1-2: element-function matrix of genotype-phenotype map in Figure 3-1-1 

Eachh column in the matrix M represents an element's pleiotropy vector. The number 
off  x-values in a column n equals the pleiotropy value of element «, which is the number of 
functionss affected by element n. Each row in M represents a function's polygeny vector. The 
numberr of x-values in a row ƒ gives the polygeny value of function ƒ which is the number of 
elementss affecting a function/ Division of the sum of all pleiotropy values by the number of 
elementss N equals the system's average pleiotropy. Division of the sum of all polygeny 
valuesvalues by the number of functions F gives the system's average polygeny. In the example, the 
pleiotropyy of the first and third element equals one and the pleiotropy of the second element 
equalss two. The polygeny value of both functions equals two. In total, there exist four 
relationss between elements and functions. Average pleiotropy thus equals 4/3 and the average 
polygenyy equals 4/2.M 

6464 The model also allows to group functions (cf. Alexander 1964). The polygeny of this aggregated function is 
derivedd from the two disaggregated functions. In the example of Figure 3-1-2, aggregating ƒ=/ aaAf=2 in one 
functionn would yield one function with a polygeny value three. Mutatis mutandis, the same applies for 
disaggregationn of one function in several more functions. 
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Ass explained by Altenberg (1997), an NK-system is a special case of the generalised 
element-functionn matrices. For NK-systems, it holds that the F equals N. It also holds that the 
diagonall  in NK element-function matrices is always characterised by presence ("x") of a 
relationn between element and function, since each element affects its "own" function. 
Furthermore,, the K-value in the NK-model implies that each function is affected by the same 
numberr of elements. Thus, in the NK-model the polygeny of each function is equal to K+l , 
whilee the pleiotropy of each element is on average equal to K+l . The NK-model thus covers 
aa subset of all possible systems that can be represented by element-function matrices. 

3.1.22 Fitness landscapes 

Thee way in which fitness landscape are constructed for generalised element-function matrices 
followss the same logic as the original NK-model discussed in Chapter 2 (Altenberg 1997). 
Forr each element that is mutated, all functions that are affected by this element are assigned a 
new,, randomly drawn value from the uniform distribution [0,1]. Total fitness is again derived 
ass the mean of the fitness values of all functions: 

^(*)=^-i> f(S) ) 

AA simulation of the fitness landscape of the example of the element-function matrix in Figure 
3-1-22 is given in Figure 3-1-3 for all possible combinations between alleles in design space. 
Inn this simulation, a mutation in the first allele generates a random change in wj, a mutation 
inn the second allele a random change in both wj and W2, and a mutation in the third allele a 
randomm change in w2. Since only the second element affects both functions, the existence of 
locall  optima can only be related to different alleles of the first element (here 000 and 110). 
Forr each allele 0 or 1 of the second element, there exist an optimal set of other alleles. 

000 0 
001 1 
010 0 
011 1 
100 0 
101 1 
110 0 
111 1 

w l l 

0.8 8 
0.8 8 
0.4 4 
0.4 4 
0.2 2 
0.2 2 
0.9 9 
0.9 9 

Figuree 3-1-3: Simulation of fitness landscape of element-function matrix in Figure 3-1-2 

Otherr specifications of the total fitness as a function of fitness values of functions in which functions are not 
weightedd equally are discussed in the next chapter. 

(3.2)' ' 

w w 
0100 A 

(0.33/ / 

0.9 9 
0.6 6 
0.3 3 
0.2 2 
0.9 9 
0.6 6 
0.3 3 
0.2 2 

0.8 5 5 
0.7 0 0 
0.3 5 5 
0.3 0 0 
0.5 5 5 
0.4 0 0 
0.6 0 0 
0.5 5 5 

011 1 
(0.30) ) 

101 1 
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Thee simulation in Figure 3-1-3 shows a fitness landscape in which the trade-off 
betweenn optimising the first function in the local optimum 110 (wi= 0.9, w2 = 0.3) and 
optimisingg the second function in the global optimum 000 (wt = 0.8, w2 = 0.9). Hill-climbing 
onn this fitness landscape by means of a one-element mutation strategy can end up in either 
optimum,, depending on starting string and the sequence of mutations that follow. 

3.1.33 Decomposability 

Thee principle of decomposition as explained in Chapter 2 applies correspondingly to fitness 
landscapess of generalised element-function matrices. For architectures in which a function is 
affectedd by a subset of elements that do not affect any other function, decomposition of the 
systemm is possible. Search can then be decentralised at the level of non-overlapping subsets of 
elements,, each of which affects a particular function. The relevant design space to search then 
concernss the set of design spaces of the subsystems. 

Thee concept of cover size also applies correspondingly to fitness landscapes of 
generalisedd element-function matrices. The cover size of a system is again given by the size 
off  the largest design space of subsystems. The example of the architecture in Figure 3-1-2 is 
non-decomposablee since the subsets of elements that affect a function are overlapping. The 
secondd function affects both functions. When ml2 would no be present ("1") but absent ("0"). 
thee system would be decomposable (Figure 3-2). In the same way, a change in m2i from " 1 " 
too "0" also yields a decomposable system. In these examples, the cover size of the system 
wouldd equal two as the largest of the two subsystems contains two elements. 

W] ] 

W2 2 

n=l l 

X X 

--

n= = 

--
X X 

n=3 3 

--
X X 

Figuree 3-2: Example of decomposable element-function matrix 

Optimisationn of a decomposable system is achieved by optimising each single sub-
system.. In the example of Figure 3-2, to optimise the first subsystem containing only the first 
element,, only two possible states have to be evaluated. To optimise the second subsystem 
containingg the second and third element, four possible combinations have to be evaluated. 
Thee total number of trials thus equals six. The total amount of time required when 
optimisationn is done in parallel equals four, since time is bounded by the size of the subspace 
off  the largest subsystem. 
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Summarisingg this section, Altenberg's (1995, 1997) generalised model of complex systems 
providess one with a model of complex systems of all possible sizes and with all possible 
degreess of multi-functionality. From generalised element-function matrices, pleiotropy and 
polygenyy values can be derived for each element and each function, respectively. Kauffman's 
(1993)) original NK-model is shown to cover a subset of all possible complex systems, i.e. 
systemss in which the number of elements equals the number of functions and in which each 
functionn has the same polygeny-value (K+l).  The fitness landscapes of generalised element-
functionn matrices can be simulated according to the same logic as proposed by Kauffman 
(1993).. Moreover, the principle of decomposability and the determination of cover size as 
discussedd in Chapter 2 applies correspondingly to systems represented by the generalised 
NK-model. . 

3.22 FUNCTION SPACE SEARCH ON FITNESS LANDSCAPES 

Soo far, I discussed the generalisation of the NK-model to simulate complex systems with any 
numberr of elements, any number of functions, and any architecture of epistatic relations. I 
noww turn to a generalisation of the selection environment. So far, the selection environment 
hass been represented by a fitness function that calculated system's fitness as the average of 
thee fitness values of functions (Altenberg 1997): 

FF M 

However,, as an empirical specification of quality of a product technology, this formula 
obviouslyy does not account for the general case in which users may apply different weights to 
differentt service characteristics (Lancaster 1966). Put another way, the fitness function that 
calculatedd system's fitness as me average of the fitness values of functions, refers to the 
speciall  case, in which users apply the same weights for all functions. 

Generally,, users do not assign the same weight to each characteristic but value some 
characteristicss higher than other ones. In that case, fitness of a product technology can no 
longerr be derived as the average of the fitness levels of individual functions, but needs to be 
derivedd by some weighted sum over the fitness levels of individual functions. The difference 
inn valuations of functions as expressed in weights carry information for designers that they 
cann use in deciding how to search. I will formulate below how this information can be 
translatedd into a search heuristic for designers. 

3.2.11 Homogenous selection environment 

Allowingg for different values of weights for each service characteristic one gets for a linear 
summationn of fitness values: 

W{s)=fW{s)=fdd00rrwwff(s)(s) (3.4.1) 

93 3 



ƒ.1 1 

AA homogeneous selection environment can then be defined by some set of weights 
{pi,p2>.. -»PF}  that is applied by all users of the technology. The case in which there exist 
heterogeneouss user groups that apply different sets of weights wil l be discussed in Section 
3.2.2. 3.2.2. 

Thee general specification of the fitness as the weighted sum of the levels of service 
characteristicss of a design {Pi.fo PF}  does not alter the concept of a fitness landscape as 
discussedd in Chapter 2. It is clear that different weights for different functions can eliminate 
locall  optima. Different from the case in which all characteristics are weighted equally, local 
optimaa are now more likely to be characterised by high values of the characteristics with 
higherr weights. The number of local optima can thus be considerably less than in the case in 
whichh all functions are weighted equally. In the extreme case that users take only one 
characteristicc into account, one weight fy equals one and all other weights equal zero. As a 
consequence,, only the designs with the highest value for the service characteristic ƒ that is 
weightedd by one, are (global) optima in the fitness landscape. 

Thee fitness landscapes that are constructed by the weighted sum of the values of 
servicee characteristics, can be searched in exactly the same trial-and-error manner as 
discussedd in the previous chapter. Importantly, in this generalised specification of the 
selectionn environment, an alternative search strategy is also possible. When service 
characteristicss have different weights, the values of these weights can be ranked. The ranking 
off  weights for service characteristics provides designers with information that can be used for 
aa heuristic search strategy. In this context, a heuristic means a way to search the design space 
otherr than through random mutation (Simon 1969). Designers can now decide to start with 
optimisingg the most important function, then the second most important function, et cetera. 
Thiss kind of search can be labelled "function space search" (Bradshaw 1992). Function space 
searchh can be contrasted to hill-climbing in which mutations in elements occur randomly. 
Hill-climbingg has been termed "design space search" as opposed to function space search, as 
thee latter search strategy starts from the ranking of functions before deciding what element to 
mutate,, while the former search strategy does not take information on the selection 
environmentt into account (Bradshaw 1992). 

AA formalised model of function space, which is presented below, goes beyond the 
biologicall  metaphor of hill-climbing in models of technological evolution. Hill-climbing in 
designn space is based on random mutations that occur independently of the state of the 
selectionn environment analogous to random mutations in genes in biological evolution. 
However,, as argued by many students of technology studies in different ways (Rosenberg 
1969;; Von Hippel 1976, 1988, 2000; Teubal 1979; Pinch and Bijker 1984; Clark 1985; Van 

666 This is a relatively simple function sometimes applied in multi-criteria analysis of project selection in 
planning.. This function implies that each function can infinitely be substituted by an increase in other functions. 
Variouss alternative functions exist to derive a fitness value or "utility " from a collection of characteristics 
(Lancasterr 1966, 1971, 1979, 1990; Nijkamp et al. 1990). Among possible alternative specifications is the 
Cobb-Douglass function that describes fitness as the product of fitness levels with exponents adding up to one 
reflectingg decreasing marginal utility. Furthermore, one may add minimum requirements of service levels for 
eachh function to reflect that technologies require minimum levels of service characteristics to be of use at all. In 
miss way, one obtains a specification of finite elasticity of functions. 
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denn Belt and Rip 1987; Henderson 1995; Jorgensen and Karree 1995), variation and 
selectionn in technological evolution cannot be considered as operating independently.67 

Designerss that come up with new variations can be expected to take information on 
users'' preferences into account when deciding on their search strategy.68 Using this 
information,, designers can direct innovative activity to specific technical characteristics 
(alleless of elements) that are thought to raise the level of particular service characteristics 
(fitnesss levels of functions).69 

Moreover,, changes in the preferences of users can induce product innovation by 
designers.. In particular, at the start of a product life-cycle, users are not familiar with the uses 
off  a technology and can therefore not be expected to have stable preferences. Instead, 
preferencess are formed during the process of use of early product models (e.g., Pinch and 
Bijkerr 1984; Garud and Rappa 1994). When preferences change and the ranking in service 
characteristicss also changes, designers can be expected to direct innovation to elements that 
affectt the service characteristic mat has become more important at the cost of less important 
characteristics. . 

InIn this view, the ranking of weights of functions carries information that designers can 
usee to focus search in particular elements instead of mutating elements randomly. Preferences 
actt as "focusing devices" for designers as they can concentrate search efforts on those 
elementss that are known to affect the more important functions (Rosenberg 1969). Note that 
thiss perspective differs fundamentally from the biological mechanism of random mutation 
andd natural selection, since the variety-creating mechanism in technological evolution is no 
longerr independent from the selection criteria. 

AA search algorithm that takes into account information on users' preferences, requires 
informationn on the matrix of the system's architecture (which elements affect which 
functions),, and on the selection environment (how do users weight the different functions of a 
technology).700 Only when the matrix of epistatic relations is known, or at least approximately 
known,, designers can focus mutations in elements because these elements affect a particular 
function. . 

Thee function space search algorithm involves a sequential optimisation of the various 
functionss by means of trial-and-error within the subset of elements that affect each function. 
Searchh starts in the subset of elements that affect the most important function, then search 
continuescontinues in the subset of elements that affect the second most important function, et cetera. 
Oncee the most important function is optimised, the second most important function is 
optimisedd given the fixed alleles of elements affecting the first most important function. 

Nelsonn and Winter (1977) choose to model innovation as occurring independently from the selection 
environmentt when they stated that the selection environment "takes thee flow of innovations as given", but they 
realisedd that "there are important feedbacks" (Nelson and Winter 1977: 49). Modelling innovation 
independentlyy from the selection environment was methodologically motivated at the time: "(w)e are attempting 
too build conformable sub-theories of the process that lead up to a new technology" (Nelson and Winter 1977: 
49). . 

Thiss information can be collected, at least by approximation, by various means of communication with users 
(surveys,, visits, prototype tests, etc.). 

Notee that when the designer is also the user, the communication of preferences to the designer is close to 
perfect.. When the designer is not the user, the communication of preferences can be imperfect and comes at a 
cost. . 

Too identify the matrix of relations between elements and functions mat make up the system's architecture, 
designerss first need to experiment with a number of different designs to find out the precise relations between 
elementss and functions as contained in a product's architecture. In the model, mis can be formally expressed by 
mutatingg each element one by one and evaluating for each mutation in one element which functions are affected. 
Thiss procedure would require only N mutations. 
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Then,, the third most important function is optimised given the fixed alleles of elements 
affectingg the first and second most important functions. This procedure is repeated until all 
elementss have been mutated. Note that only in the case that the most important function is 
affectedd by all TV elements (highest possible pleiotropy), function space search is equivalent to 
exhaustivee search. 

InIn the example of a fitness landscape of a system containing three elements and two 
functionss in Figure 3-1-3, two sequences in function space are possible: 

-- optimising the first function and hereafter optimising the second function given the alleles 
off  the first and second elements that are found optimal with regard to the first function. 

-- optimising the second function and hereafter optimising the first function given the alleles 
off  the second and third elements that are found optimal with regard to the second 
function. . 

Inn the case that the first function is weighted higher than the second function (pi>p2), function 
spacee search starts with mutations in the first and second elements since only these elements 
affectt the value wj. Since there are four possible combinations between alleles of the first and 
secondd element, four trials suffice to find the combination 11# that optimises the value for wt 

withh wi(ll#)=0.9. Then, given alleles 11# for the first and second element, two trials suffice 
too optimise the third element with respect to w2. The optimal allele for the third element turns 
outt to be allele 0, so search halts at 110 with w2(l 10)=0.3. 

Inn the case that the second attribute is weighted higher than the first attribute (pi<P2>, 
searchh would start in the second and third element as only these elements affect w2. Since 
theree are four possible combinations between alleles of the second and third element, four 
trialss suffice to find the combination #00 that optimises the value for w2 with w2(#00)=0.9. 
Then,, given alleles #00 for the second and third element, two trials are needed to optimise the 
firstfirst element with respect to wl . The optimal allele for the first element is allele 0, so search 
haltshalts at 000 with w,(000)=0.8. Thus, different rankings of weights of function can lead 
designerss to different design solutions.71 

Functionn space search does not necessarily find the global optimum, since only the 
fitnesss of the most important function is globally maximised. The alleles chosen to maximise 
thee most important function constrain further search activity aiming at improving the other 
functions.. The important advantage of function space search over random search, however, is 
thatt search time is considerably reduced. Since elements that have been optimised earlier with 
referencee to one function are no longer candidate for mutation with reference to another 
function,, the number of possible mutations is considerably reduced. 

Forr example, the search time required for function space search in the example above 
iss six trials against eight trials required for global optimisation through random search. This 
reducess only time by 25 percent, but time reductions increase for larger systems. Consider an 
N=55 system with F=2 and polygeny equalling three for both functions. Logically, this implies 
thatt all elements affect one function (pleiotropy one) except for one element affecting both 

711 Note that function space search is not equivalent to hill-climbing in decomposable subsystems as discussed in 
thee previous chapter. Decomposition requires that (subsets of) functions are affected by non-overlapping subsets 
off  elements. By contrast, function space search or "decomposition in function space" can be applied to non-
decomposablee systems too, since this algorithm allows for overlapping subset of elements. For example, in 
Figuree 3-1, the subset of elements affecting the first function (the first and second element) overlaps with the 
subsett of elements affecting the second function (the second and third element). 
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functionss (pleiotropy two). In that case, optimising one function first wil l require mutations in 
aa subset of three elements leaving two elements to optimise the other function. Function 
spacee search then requires 23 + 22 = 12 trials against 25 = 32 trails for exhaustive search, a 
reductionn of 62'/2 percent. And, for an N=7 system with F=2 and polygeny equalling two for 
bothh functions, function space search takes 24 + 23 = 24 trials against 27 = 128 trails for 
exhaustivee search, a reduction of 81V*  percent. 

Onee can thus conclude that function space search provides designers with an 
importantt heuristic to reduce the design space without loss in fitness with regard to the most 
importantt function, but possibly with a loss of fitness in the other functions. Function space 
searchh is an example of a search heuristic that economises on search time and search costs at 
thee cost of fitness of the solution. Depending on the cost per mutation and discount rate of 
searchh time, function space search may well prove economically a more optimal strategy than 
exhaustivee search. Note again that if the most important function is affected by all N 
elements,, function space search is equivalent to exhaustive search and is not advantageous. 

Severall  empirical examples exist that reflect what I called "function space search". A 
highlyy elaborated historical analysis of function space search can be found in Bradshaw and 
Lienertt (1991) and Bradshaw (1992) who explained the success of the Wright Brothers in 
aircraftt design by means of a model of function space. Their thesis holds that the Wright 
Brotherss were successful in building the most successful aircraft at the time within only few 
yearss because they searched only in particular areas of the design space using a function 
spacee search algorithm. By contrast, other designers in the nineteenth century searched in 
wayss that resemble design space search through hill-climbing using almost random mutations 
(Bradshaww and Lienert 1991: 607-609). 

Thee strategy of the Wright Brothers was based on isolating the primary functions of 
ann aircraft first, constructing solutions for each function and only hereafter constructing a 
whole,, full-size aircraft. They considered three functions to be most important: lateral 
control,, sufficient lift , and sufficient thrust. They started in 1899 with tackling the problem of 
laterall  control, for which they found a solution via warping the wings using a small 
experimentall  kit. They turned to the problem of realising sufficient lif t in 1901 experimenting 
withh different wing designs in wind tunnels to test exclusively on the properties of wings 
relatedd to lift . In late 1902, they turned to the problem of realising sufficient thrust and started 
too experiment with propeller designs in the wind tunnel, which led to the propeller concept as 
aa moveable wing with lif t forward. The three solutions were combined in the first successful 
aircraftt in 1903 and in its successor in 1905. The latter covered an unprecedented distance of 
244 miles where contemporaries had never flown further then half a mile. 

Bradshaww and Lienert (1991) and Bradshaw (1992) explain the success of the Wright 
Brotherss by their application of the strategy of function space search. In contrast, 
contemporariess of the Wright Brothers searched in design space by constructing complete 
aircraftt designs based on local search hoping to find a design that would meet all functions at 
once.. These variations included 1 to 80 number of wings, three types of wing configurations, 
threee types of wing placements, three types of wing angles five types of cambers of wings, 
fourr types of wing shapes, and three types of tail placements. The number of design 
dimensionss and alleles per dimension amounted to an enormous size of the design space 
offeringg littl e chance for success for hill-climbing strategies (Bradshaw and Lienert 1991). 

Thiss example is illustrative for the efficiency of function space search. Another well-
documentedd example of function space search in which selected problems were dealt with 
sequentiallyy is Carlson's (2000: 156) description of Edison's design work on telephones. 
Furthermore,, Clark's (1985) description of the early development of car technology can also 
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bee considered an example of function space search, which I wil l discuss in more detail in 
ChapterChapter 4. Murmann and Tushman (1998) also mention a number of artefacts that developed 
throughh a time-sequence of solutions to problems. 

3.2.22 Heterogeneous selection environment 

Inn the previous section, a generalised model has been developed, in which the fitness / quality 
off  a product was no longer derived as the average of the fitness levels of service 
characteristics,, but as a weighted sum over the fitness levels of service characteristics. The 
weightss that users attach to each of the F service characteristics {Pi, P2, ... , PF}  reflect one 
homogeneouss user group, since each user assigns the same weight to each function. 

AA second generalisation of the selection environment can be made by allowing 
differentt users to assign different weights to the same functions. In this case one speaks of 
heterogeneouss users and heterogeneous demand. This conceptualisation of heterogeneous 
userss follows Lancaster's characteristics approach, the starting point of which can be 
summarisedd by the following statement (Lancaster 1979: 17): 

"Differences"Differences in individual reactions to the same good are seen as expressing 
differentdifferent preferences with respect to the collection of characteristics 
possessedpossessed by that good and not different perceptions as to the properties of 
thethe good." 

Thiss quote underlines the basic tenet of the characteristics approach that consumers buy a 
productt for their bundle of service characteristics irrespective of the technical characteristics 
("properties")) that are incorporated in the artefact. This means that one and the same artefact 
cann be valued very differently by different users.72 

Heterogeneouss users can be represented in terms of user groups where each user 
groupp includes all users that assign the same weights for all functions. The size of a user 
groupp can thus range from one to all consumers. For a G number of user groups g (g=l,...,G) 
theree is corresponding G number of sets of weights describing the preferences of each group 
regardingg the F number of service characteristics: 

{{fi{{fi utut...,/3...,/3FlFl}Afi}Afi nn,..,/3,..,/3F2F2}} ii...,{J3...,{J3]G]G^J3^J3FFo}}o}}  (3-5.1) 

Forr each user group g, fitness Wg of a design can then be derived by the following formula: 

^W=Z)ö fg 'W fWW (3.5.2) 
ƒ=! ! 

£ / ?f g = ll  , /?fg>0 (3.5.3)73 

722 This notion is also central in the Social Construction Of Technology approach (Pinch and Bijker 1984). 
Notee that contrary to homogeneous users case, in the heterogeneous user case some groups can weigh a 

functionn by zero when they infer no utility from the function. In the homogeneous case, the specification of a 
non-valuedd function would be abundant. 
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Obviously,, this specification of the selection environment includes the specification given 
abovee for a homogeneous selection environment as the special case in which G=l. 

AA product innovation can now be defined as an innovation in the technology that 
improvess the quality of the product for at least one user group as measured by the weighted 
summ of the fitness levels of service characteristics on which users select. For product 
developmentt to be successful for at least one user group, effective communication regarding 
preferencess with users is pivotal (Von Hippel 1976,1988,2000; Teubal 1979).74 

Usingg the generalised heterogeneous selection environment as specified in formula 
(3.5.2),, one can model the design process for different user groups. In function space search, 
differentt user groups, which are characterised by a different ranking of service characteristics, 
leadd designers to apply a different sequence in optimisation of functions for different users. 
Onee can now model the case in which a selection environment is characterised by two user 
groupss in stead of one. User group one (g=l) is characterised by a preference for the first 
functionn over the second function {/3jj  > fct) and user group two (g=2) is characterised by a 
preferencee for the second function over the first function {fin < fa}. 

Followingg the simulation of the fitness landscape in Figure 3-1-3, function space with 
priorityy of the first function over the second function leads to design 110 with wi=0.9 and 
W2=0.3.. Priority of the second function over the first function leads to design 000 with 
W]=0.88 and w2=0.9. Thus, function space search for user group 1 would lead designers to 
designn 110 and function space for user group 2 would lead designers to design 000. The 
trade-offf  between optimising the first function at the expense of the second function or vice 
versa,versa, leads designers to different designs adapted to the preferences of different user groups. 
Concluding,, function space search thus leads designers to different solutions adapted to 
differentt user groups reflecting trade-offs between functions (Teubal 1979; Frenken 2001a). 

Thee existence of different user groups is, however, not a sufficient condition for 
horizontall  differentiation to persist in a market where different product designs compete. It 
cann be the case that one design is superior for all user groups. Consider two user groups for 
whichh holds {pn=0.6, p2i =0.4}  and {pi2=0.4, p22=0.6}. In this case, design 000 turns out to 
bee optimal for both user groups as Wi (000) > W, (110) and W2 (000) > W2 (110), since: 

(0.66 • 0.8) + (0.4 • 0.9) > (0.6 • 0.9) + (0.4 • 0.3), and 
(0.44 • 0.8) + (0.6 - 0.9) > (0.4 • 0.9) + (0.6 • 0.3) 

Inn this case, both user groups would opt for the same design 000. When heterogeneity in 
preferencess is more dispersed, it is less likely that one design is optimall for all user groups. In 
thee example, when the two user groups are characterised by {pn=0.9, p2i =0.1} and {Pi2=0.1, 
022=0.9},, one obtains: 

(0.99 • 0.8) + (0.1 • 0.9) < (0.9 • 0.9) + (0.1 • 0.3), and 
(0.11 • 0.8) + (0.9 • 0.9) > (0.1 • 0.9) + (0.9 • 0.3) 

Inn this example, horizontal product differentiation is expected to occur because function 
spacee search for different user groups leads designers to different solutions, each of which is 
indeedd superior for each user group. 

Andd when users are not able to express preferences with regard to a product design they have not yet used, 
thiss communication process should be an iterative process in which preferences become gradually known after  a 
seriess of product trails. 
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Thee example above deals with one of the "simplest" of complex systems with three 
elementss and two functions, and with only two users groups in the selection environment. 
Moree often, complex technologies such as transport vehicles, machinery, buildings, consumer 
durables,, software and services are characterised by many elements, many functions, and 
variouss user groups. Whatever the number of elements N, the number of functions F, and the 
numberr of user groups G, all such complex systems can be modelled in the generalised NK-
model. . 

AA number of propositions can be derived from the function space algorithm in 
complexx NK fitness landscapes regarding the occurrence of product differentiation when 
differentt user groups exist. First, the number of user groups bounds the ultimate degree of 
horizontall  product differentiation. Since individuals within a user group share the weights 
theyy apply, they also share the fitness values they assign, and thus share the opinions what 
designn is optimal. 

Second,, the scope for horizontal product differentiation depends inversely on the 
decomposabilityy of a system. When a system is completely decomposable (when all elements 
havee pleiotropy one) each element only affects one function as in the example of Figure 3-2. 
Inn this case, all functions can be optimised independently. This means that whatever sequence 
off  optimisation of function is chosen, the same set of alleles will be found. Function space 
searchh will then always lead to the same, globally optimal design, irrespective of the 
sequencee of optimisation that is chosen. Put another way, for all user groups, the same design 
iss the optimal design. When a system can be decomposed in less than F subsystems, different 
designss may be optimal for different user groups as there exist subsystems with more than 
onee function. 

Withh regard to vertical product differentiation that can occur when users differ in the 
budgetss that they are willing to spend, differentiation is not bounded by the number of user 
groupss and the decomposability of the system. Vertical differentiation occurs when users 
belongingg to the same user group in terms of the weights they apply in valuing different 
designs,, still opt for different designs. This is the case when a design with lower fitness costs 
iss preferred over a design with higher fitness, because the latter is too expensive. This can 
welll  be the case when the more fit design also incorporates more expensive alleles for some 
off  the elements. In that case, vertical differentiation can take place between high-quality 
productt designs sold at a higher price and low-quality designs sold at a lower price. The issue 
off  vertical product differentiation is further elaborated in Chapter 4. 

Thee many local optima in large complex systems reflecting various trade-offs between 
functionss open up many ways to satisfy specific preferences of user groups. However, the 
manyy possibilities provide in itself no warranty that designers will come up with such a 
varietyy of designs. Apart from the search time and costs involved in the innovation of a new 
productt that adds to the product variety, there may be production constraints involved. For 
designss that are produced in small amounts for a small user group, scale economies in 
productionn may turn out so low, that prices cannot cover production costs (Lancaster 1979, 
1990).. In that case, this user group will purchase another design adapted to another user 
group.. Although this design has lower fitness Wg for this user group, it is offered at a lower 
pricee as scale economies are larger. In Chapter 4, the trade-off between product variety and 
costt efficiency related to scale economies is discussed in further detail, in which I will point 
too the effects of economies of scale on product variety and the effects of economies of scope 
onn product variety. 
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3.33 A FORMALISATIO N OF HENDERSON AND CLARK' S CLASSIFICATIO N OF INNOVATION S 

Inn this chapter, I continue with a discussion of a classification of innovation in complex 
technologicall  systems as proposed by Henderson and Clark (1990). This classification 
includess types of innovations other than mutations in elements as discussed so far. This 
classificationn concerns modular innovation, architectural innovation, incremental innovation, 
andd radical innovation. Modular innovation corresponds to mutation as in the original NK-
model.. The other types of innovations can also be modelled in the (generalised) NK-model. 
Thee inclusion in the model of other types of innovation provides one with yet a more 
generalisedd framework of product innovation in complex technological systems. Below, I 
showw how these four types of innovations can be represented in the generalised NK-model. 

3.3.11 Modular  innovation 

Modularr innovation corresponds to mutation in one or more elements le. a particular subset 
("module")) of elements.75 Henderson and Clark (1990: 12) define a modular innovation as a 
changee in an element of a technological system without a change in its architecture (the 
element-functionn matrix). This type of innovation is represented in the generalised model of 
complexx systems above as a mutation in an element by substituting one allele by another 
allele.. A modular innovation thus corresponds to a mutation in one or more elements, by 
whichh designers move along one or more axes on a fitness landscape. 

Soo far, I restricted the discussion of innovation in complex technological systems only 
too this type of innovation. Both the design space algorithm of hill-climbing and the function 
spacee search algorithm are based on mutation i.e. modular innovation. These algorithms 
differr in the sequence of mutations. In design space search the sequence in randomly 
determinedd (analogous to blind variation in biology) while in function space search the 
sequencee is determined by the importance of different functions. 

Modularr innovation is common to the evolution of technological systems as many 
alleless of elements are mutated into new alleles in the course of time. Henderson and Clark 
(1990:: 12) give the example of the replacement of analogue dialling device by a digital 
diallingg device in telephones. Saviotti (1996: 103) gives another example of mechanical 
elementss being substituted for digital elements in watches. Other examples concern the 
mutationss that have taken place in the evolution of the car, motorcycle, and aircraft: the type 
off  tires, suspension, brake, starting device, lighting, and many other elements have all been 
mutatedd in the course of its evolution (Constant 1980; Clark 1985; Vincenti 1990). 

Modularr innovation can be represented schematically as in Figure 3-3-1. In this 
examplee of a modular innovation, the allele of the second element changes from 0 to 1 
leadingg to a change in design from 000 to 010. According to the architecture as represented 
byy the matrix in Figure 3-3-1, this modular innovation changes the fitness levels of the first 
andd second function from wi and W2 to wi ' and W2'. 

Thee term module is not taken to refer exclusively to a decomposable subsystem of elements mat do not have 
epistaticc relations with other elements in other subsystems as the term "module" is sometimes used (Langlois 
andd Robertson 1992). Modular innovation refers here to any mutation in any subset of elements irrespective of 
thee epistatic relations that exist within this subset and with elements outside this subset. 
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3.3.22 Architectura l innovation 

Thoughh modular innovations constitute an important part of the evolution of product 
technologies,, innovative activity is not restricted to modular innovation. The alleles of 
elements,, constituting the design of a complex system make up one set of dimensions of a 
complexx system. The epistatic relations represented by the element-function matrix, which 
constitutess what I called the system's "architecture", make up a second set of dimensions of a 
complexx system. The absence (m/„  = -) or presence (/«/„  = x) of an epistatic relation in the 
element-functionn matrix can also be subject of manipulation by designers. For example, 
changingg the architecture of an automobile with a particular engine type placed in the front 
intoo an architecture with the same engine type placed in the back, re-organises the way 
elementss epistatically interact. As a result, the same set of alleles of elements organised in a 
differentt way yield different fitness values for functions (Altenberg 1995, 1997). This can be 
modelledd in the generalised NK-model of complex systems by changing present epistatic 
relationss between a function f and an element n (w/„  = x) into absent epistatic relations (m/„ = 
-)) and vice versa yielding a new set of fitness values w/. 

Thiss conceptualisation of architectural innovation is in line with Henderson and 
Clark'ss (1990) definition. These authors defined an architectural innovation as a change in 
thee way "in which the components of a product are linked together, while leaving the core 
designn concepts (and thus the basic knowledge underlying the components) untouched" 
(Hendersonn and Clark 1990: 10). By contrast, a modular innovation corresponds to mutation 
off  an allele of an element without changing the product's architecture. Architectural 
innovationn can thus be considered the opposite of modular innovation since an architectural 
innovationn only changes the way in which elements interact and not the alleles of elements, 
whilee a modular innovation only changes one or more alleles of elements without changing 
thee way in which elements interact. 

Soo far, the possibility of architectural innovation has not been taken up in the models 
off  technological evolution. Rather, it has been explicitly assumed by Auerswald et al. (2000) 
andd Kauffinan et al. (2000) that firms only innovate on NK fitness landscapes by modular 
innovationn through local search within a given architecture of epistatic relations. They 
assumee that K is "given by nature" (Kauffinan et al. 2000: 145). The argument behind this 
assumptionn holds that the laws of chemistry and physics determine the epistatic relations 
betweenn elements analogous to the fixed nature of epistatic relations among organism's 
genes.. However, even when one accepts the assumption of a fixed law-governed set of 
epistaticc relations in biological organisms, the assumption is not justified in the context of 
technologicall  evolution. There is no law that determines people to use a particular 
architecturee that organises elements in a technological system in a particular way. The same 
sett of alleles can be organised in different ways. For what concerns the use of architectures, 
theree are empirical regularities but no laws (Dennett 1995 [1996]: 226-228). 

Followingg the car example, the decision to place a given engine allele in the front of a 
carr is not governed by any law, since the engine can as well be placed in the back. However, 
itt may be the case that, at this moment in time, cars with engines in the front are superior 
accordingg to the currently used technical characteristics (the alleles) and the current 
weightingg of service characteristics. The observed regularity in the placement of the engine is 
thuss ultimately governed by available element technologies and the weights of selection 
criteriaa and not by physical constraints. The placement of the engine may well again become 
subjectt to change in the future. 
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Historicall  accounts on the evolution of technologies show that a large part of design 
activityy is devoted to the construction of different architectures (e.g., Constant 1980; Clark 
1985;; Sahal 1985; Vincenti 1990). The construction of the first car with the engine placed in 
thee back is just one example. Henderson and Clark (1990: 12) give the example of the 
innovationn of the portable fan. Portable fans contain the same set of alleles as the older fans 
mountedd in the ceiling, but alleles in portable fans are differently organised in a system i.e. 
portablee fans have a different architecture. 

Anotherr example of an architectural innovation has been the introduction of retractable 
landingg gears in aircraft. Retractable landing gears significantly reduced the negative effects 
off  the fixed landing gear on the aerodynamics and fuel efficiency of an airplane (Vincenti 
1990).. When landing gears were made retractable, the choice of a particular landing gear 
allelee no longer affected the fuel of efficiency of an airplane (or at least to a far lesser extent). 
Thus,, the allele of the element did not change, but the architecture changed in such a way that 
servicee characteristics acquired new fitness levels. 

Schematically,, an architectural innovation is represented in Figure 3-3-2. In the 
examplee in the figure, elements are re-organised in such a way that thee first element no longer 
affectss the third function. Thus, this architectural innovation does not involve any change in 
thee choice of alleles of elements as indicated by design 000 at the left and the right of the 
arrow.. The architectural innovation only changes one or more epistatic relations between 
elementss and functions. In the example, the architectural innovation removes the epistatic 
relationn between the first element and the third function. In the matrix of epistatic relations, 
thiss holds that mn changes from a presence of an epistatic relation (wj; = x) into an absence 
off  an epistatic relation (wj/ = -). The value of the fitness of the third function changes since 
thee set of elements that affect the fitness of the third function has changed (Altenberg 1995, 
1997).. This change in fitness of the third function is indicated in Figure 3-3-2 by the change 
fromfrom W3 into W3'. Thus, an architectural innovation transforms the fitness landscape since the 
samee design 000 has a new fitness value. 

AA particular important issue in this context holds that architectural innovation is often 
motivatedd by a strategy to render the system more decomposable. Designers often undertake 
architecturall  innovations with the goal to render the architecture more decomposable or 
nearlyy decomposable (Baldwin and Clark 1997,2000; Von Hippel 2000; Schilling 2000). The 
examplee in Figure 3-3-2 is such an example of an architectural innovation that makes a non-
decomposablee architecture a decomposable architecture. As explained in Section 2.2 and 
SectionSection 3.1, decomposable architectures have big advantages in search. Modular innovations 
inn decomposable architectures are more time-efficient as the number of trials to search the 
designn space can be reduced by restricting modular innovations to take place on the level of 
subsystems. . 

Architecturall  innovations can therefore be considered as "meta-innovations" in that 
thesee types of innovations are often motivated to facilitate future modular innovations by 
simplifyingg the architecture. The simplication can imply the construction of a fully 
decomposablee structure or a nearly-decomposable system with a minimum of less epistatic 
interactionss between subsystems (Sahal 1985: 64; Simon 1969). Simplification thus means 
heree the removal of epistatic relations between elements and functions in the system such that 
futuree modular innovations in one of these elements create less negative by-effects in the 
otherr elements. 
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Thee benefits of simplified architectures do not only concern the facilitation of future 
modularr innovations to improve the technology for a given user group. Benefits also arise 
fromfrom the increased flexibilit y to change the design in response to new user groups or in 
responsee to changes in preferences of existing user groups. The larger the degree of 
decomposabilityy or "modularity" of a design, the easier it becomes to design new products 
adaptedd to the preferences of new user groups. The lower pleiotropy of elements in 
decomposablee architectures makes it possible to direct modular innovation to increase 
particularr functions that are considered most important by a new user group without negative 
effectss of other functions. Firms that design systems with architectures with a higher degree 
off  decomposability have an important competitive advantage vis-a-vis competitors as they 
cann response quicker to changes in consumer behaviour. However, this competitive 
advantagee comes at the cost of architectural innovations. A trade-off exists between design 
flexibilit yy and the cost of construction of a modular architecture, an insight that has been 
recognisedd recently in the technology management literature (Sanchez 1995; Sanchez and 
Mahoneyy 1996; Baldwin and Clark 1997, 2000; Schilling 2000). 

3.3.33 Incremental innovation 

Apartt from architectural and modular innovation, Henderson and Clark (1990) distinguish 
betweenn incremental innovations and radical innovations. Incremental innovations refine the 
functionalityy of an existing string of alleles and an existing architecture without changing 
them.. An incremental innovation can be understood as an improvement within an allele, 
whichh increases the fitness value of one or more functions that the allele affects. For example, 
innovationss within a given allele of the engine element (e.g., innovations within the gasoline 
engine)) can increase the fuel efficiency of a car. At the level of the description of a vehicle 
system,, such an improvement is neither a modular innovation, since the choice of engine 
allelee remains the same, nor an architectural innovation, since the matrix of epistatic relations 
remainss the same. The improvement is the result of an innovation within the engine system 
itself,, which takes place at a lower system-level (cf. Metcalfe 1995: 36).76 An example of an 
incrementall  innovation within the allele "0" of the second element affecting the fitness level 
off  the first function is given in Figure 3-3-3. 

Itt should be noted that although incremental innovations do not involve any change at 
thee system level in the choice of allele or the architecture of epistatic relations, they can make 
upp a great deal of the improvements over time (Sahal 1985). For example, the explosive rise 
inn the processing power of computers is largely the result of innovations within the allele of 
thee processing element. Only occasionally, modular and architectural innovations at the 
systemm level occurred (from vacuum tubes to discrete semiconductor device, and from 
discretee semiconductor devices to integrated circuits). Similarly, many improvements in cars, 
motorcycles,, and aircraft are due to improvements within alleles, in particular the engine 
allelee (Constant 1980; Clark 1985; Vincenti 1990). 

However,, the potential of incremental innovation is in turn crucially dependent on 
modularr and architectural innovations. For example, scaling of performance of vacuum tubes 
createdd non-linear rises in heat, which in turn reduced their reliability. Moreover, the 
detectionn of defective tubes became ever more difficult in larger systems. These constraints 

766 At this lower system-level, the innovation that gave rise to an incremental innovation at the system-level can 
itselff  be of any kind. 
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inducedd the search for alternative alleles that could be made smaller through the use of 
electricc pulses, which eventually led to the substitution of vacuum tubes by transistors in 
computers.. Similarly, the loss in reliability in transistors due to increasing the number of 
interconnectionss in transistors put constraints on further increasing their performance. The 
innovationn of integrated circuits on chips of silicon eventually replaced the transistor 
technologyy and led to the development of the microprocessor. In short, series of incremental 
innovationss within an allele at a lower system level are punctuated by modular and 
architecturall  innovations at the system level mat enable further incremental innovation at the 
lowerr system level (Dosi 1982; Sahal 1985; Mokyr 1990).77 

3.3.44 Radical innovation 

AA fourth type of innovation that is distinguished by Henderson and Clark (1990) concerns 
radicall  innovation as opposed to incremental innovation. They define a radical innovation as 
aa change in both alleles of elements and the architecture of epistatic relations. Put another 
way,, a radical innovation takes place when a system undergoes both an architectural 
innovationn and a modular innovation at the same time. As a result, both the string of alleles 
andd the architecture of epistatic relations undergo change. 

Inn the example in Figure 3-3-4, the radical innovation concerns a modular innovation 
inn the second element as the design changes from 000 to 010, and an architectural innovation 
inn the epistatic relation between the first element and the third function. As a result, the 
fitnesss levels of all three functions change. The modular innovation in the second element 
affectss the first and second function according the architecture of the system. And, the 
architecturall  innovation in the epistatic relation between the first element and the third 
functionn changes the level of fitness of the third function. The radical innovation in this 
examplee thus changes the fitness values wi, w2 and W3 into fitness values wj' , W2' and w3'. 

3.3.55 Matri x classification of types of innovations 

Followingg Henderson and Clark (1990: 12), the four types of innovation can be summarised 
inn matrix as in Figure 3-4. The classification of the four different types of innovations follows 
fromfrom the definitions given above. 

Modularr innovation and architectural innovation lie on the one diagonal. Modular 
innovationn refers to mutation in elements without a change in the architecture of epistatic 
relations,, while architectural innovation refers to a change in epistatic relations without 
mutationn in elements. Incremental and radical innovations lie on the other diagonal. 
Incrementall  innovation refers to innovation at a lower system level without mutation in 
elementss and without a change in epistatic relations at the system level. Radical innovation 
referss to both mutation in elements and a change in epistatic relations. Radical innovation can 
thuss be considered as a co-occurrence of modular innovation and architectural innovation. 

Cf.Cf. Sahal (1985: 63, emphasis by Sahal): "(t)he thesis is advanced here that one of the most important clues to 
understandingg the process of innovation is to be found in the web of links between the functional performance 
off  a technology and its size and structure. Thus, it is conceivable that the origin of innovations lies in learning to 
overcomee the constraints that arise from the process of scaling the technology under consideration." 
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architecturee unchanged 

architecturee changed 
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Figuree 3-4: matrix of different types of innovation (after Henderson and Clark 1990: 12) 

Ass shown in this section, all four types of innovations can be formally represented in 
thee generalised NK-model of product innovation in complex technological systems. Using 
thiss classification, insights in innovation processes can be enhanced as the definitions of the 
differentt types of innovations follow from a formal representation of complex technological 
systems.. Furthermore, the classification opens up new ways for simulating product 
innovationn in evolutionary models as will be discussed in Section 9.4.2. 

3.44 SUMMARY 

Inn this chapter, I developed a generalised NK-model of product innovation of complex 
technologicall  systems. This generalised model combines elements of Kauffman's (1993) 
originall  NK-model, Altenberg's (1995, 1997) extended NK-model, Lancaster's (1966, 1979) 
workk on product characteristics, and Henderson and Clark's (1990) classification of different 
typess of innovations in complex product technologies. The model provides a generalisation 
comparedd to the NK-model in three respects. 

First,, based on Altenberg (1995, 1997), the NK-model has been extended for systems 
withh any number of functions on which selection takes place. Each element can affect any 
numberr of functions (pleiotropy), and each function can be affected by any number of 
elementss (polygeny). The application of Altenberg's generalised model in the context of 
technologicall  systems is in line with the distinction proposed by Saviotti and Metcalfe (1984) 
betweenn technical characteristics of a system (the alleles of elements) and service 
characteristicss of a system (the functions on which selection operates). 

Thee second generalisation of the NK-model concerned the specification of a general 
fitnesss function, in which the service characteristics of a system are not averaged but 
weighted.. This general specification of the fitness function enables one to introduce an 
essentiall  feature of Lancaster's (1966) characteristics approach to demand: hat users are 
interestedd in consuming a bundle of characteristics of a product rather than the product 
"itself'.. One then can introduce multiple user groups each of which is characterised by a 
differentt ranking of weights on service characteristics. A product innovation then can be 
definedd as an innovation in the technology that improves the quality of the product for at least 
onee user group as measured by the weighted sum of the fitness levels of service 
characteristicss on which users select. 
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Thee third and final generalisation that has been put forward in this chapter is a 
classificationn based on Henderson and Clark (1990) that includes, apart from modular 
innovationn that corresponds to mutation in the NK-model, other types of innovations 
(architectural,, incremental, radical). It is shown how all innovations can be conceptualised in 
thee generalised NK-model. I also pointed to the interplay between different types of 
innovation. . 

Thee generalised model of product innovation in complex technological systems 
providess new ways to model product innovation as an evolutionary search process. The 
algorithmm of function space developed in this chapter in an example of a new way to model 
productt innovation within this model. Different from the trial-and-error based on random 
mutation,, function space is directed to improve a product design for specific user groups in 
thatt it follows the ranking of service characteristics that a user group applies. 

Otherr possible applications of the generalised NK-model are discussed in Section 9.4 
inn the form of a number of further research questions. These applications include modelling 
(00 product life-cycle in Nelson-and-Winter models, (/'/') the interplay between incremental, 
modular,, architectural, and radical innovation, (Hi) search heuristics other than design space 
searchh and function space search, (iv) inter-firm collaboration, and (v) the role of technical 
standardss in coordinating innovative activity. In the next Chapter 4, the product life-cycle 
modell  is reinterpreted in the light of the generalised NK-model. 
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Chapterr  4 

Patternss in product innovation over  the product life-cycle 

Inn Chapter 1,1 discussed the model of the product life-cycle as formulated by Utterback and 
Abernathyy (1975) and Abernathy and Utterback (1978). In this model, the rate in product 
innovation,, the rate in process innovation, and the industrial dynamics are linked together 
withinn a comprehensive framework. In Chapter 2 and Chapter 3 of this study, a generalised 
modell  of product innovation in complex technological systems has been developed, which 
takess into account the systemic complexities among elements and the existence of a 
heterogeneouss selection environment. In this Chapter 4, I will discuss the product life-cycle 
modell  in the light of the generalised NK-model of product innovation in complex systems. It 
iss argued that the generalised NK-model adds a number of insights to the existing model. 
Furthermore,, the model sheds new light on an important anomaly of the product life-cycle 
thatt has come out of empirical studies of the product life-cycle. This anomaly holds that for a 
numberr of technologies the rate of product innovation has not fallen substantially in the 
coursee of the product life-cycle. 

Beforee turning to the application of the generalised NK-model as a product life-cycle 
model,, I will discuss some historical examples of dominant designs. I wil l then review six 
empiricall  studies of the product life-cycle (Gort and Klepper 1982; Anderson and Tushman 
1990;; Utterback and Suarez 1993; Klepper and Simons 1997; Malerba and Orsenigo 1996; 
Breschii  et al. 2000). The review leads me to conclude that two issues are calling for an 
extensionn of the product life-cycle model and its application in empirical research. First, 
empiricall  studies point to an anomaly of the product life-cycle model as empirical studies do 
nott always show a fall in product innovation as the model predicts. Second, the validity of 
mostt empirical studies is limited since they lack an empirical definition of the emergence of a 
dominantt design. 

Inn this Chapter 4,1 take up the first issue regarding the anomaly of the rate of product 
innovationn over the product life-cycle. The empirical studies show that the rate of product 
innovationn does not necessarily fall over time as predicted by the product life-cycle model. I 
wil ll  argue that the non-occurrence of a fall in the rate of product innovation can be explained 
byy the generalised NK-model of product innovation in complex technological systems. After 
aa dominant design emerges, the rate of product innovation does not necessarily fall, but the 
naturenature of product innovation is expected to change over a product life-cycle. This can be 
understoodd by distinguishing between core elements that affect many functions and 
peripherall  elements that affect few functions. I will show that a dominant design can be 
understoodd as stemming from standardised core elements and economies of scale. Once core 
elementss are standardised, product innovations can continue in peripheral elements leading to 
neww design variants of the dominant design that can be produced relatively efficiently due to 
economiess of scope. 

Inn the following Chapter 5, the second issue concerning an operational definition of 
dominantt design is addressed. It is argued that the dominant design concept - and, more 
generally,, issues related to product variety - can be well addressed using an entropy 
methodology.. Using this empirical methodology, I will operationalise the dominant design 
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conceptt and apply the operational definition to data on product characteristics on four 
technologiess in Chapter 5 and Chapter 6 of this study. 

4.11 A REVIEW OF EMPIRICA L STUDIES ON THE PRODUCT LIFE-CYCL E MODEL 

Inn Chapter 1, I discussed the product life-cycle as developed by Utterback and Abernathy 
(1975)) and Abernathy and Utterback (1978). In thiss model, the rate in product innovation, the 
ratee in process innovation, and the industrial dynamics are linked together within a 
comprehensivee framework. The model describes technological development in three stages, 
ann explorative stage, a development stage, and a mature stage. The second, intermediate stage 
iss considered as a transition stage from the first stage in which many small firms explore 
manyy different designs to the third stage in which few firms mass-produce a standardised 
"dominantt design". 

Technologicall  standardisation in an expanding market may reflect the operation of 
increasingg returns to adoption, which has also been discussed in Chapter 1 (David 1985; 
Arthurr 1989). Various factors contribute to increasing returns including learning-by-doing 
efficiencyy gains in long production runs of the dominant design, network externalities among 
userss of the dominant design, and increased compatibility of the dominant design with 
complementaryy products, services and infrastructures. Standardisation allows for enlarging 
thee scale of production and its degree of mechanisation, which contributes to a rapid fall in 
costss and prices. The fall in price further reinforce the expansion of the market and the 
dominancee of one design. Alternative designs, which may have suited the preferences of 
somee user groups better in the past, are no longer price competitive with the dominant design 
andd tend to disappear. 

Accordingg to Utterback and Abernathy (1975) and Abernathy and Utterback (1978), 
thee emergence of a dominant design affects the rate in product and process innovation as well 
ass the industrial structure within an industry. Figure 4-1 summarises the trends in the rate of 
productt and process innovation during the three stages of the product life-cycle. In the first 
explorativee stage, many small firms enter the industry to exploit the commercial opportunities 
off  a new product by means of product innovation. At this stage, firms poorly understand the 
technologyy and preferences of consumers, which yet do not give advantages for large firms 
overr small firms in production and R&D. Progressive standardisation in product design in the 
secondd development stage triggers process innovation in production technologies. Finally, 
bothh product and process innovation opportunities become poor as decreasing returns to R&D 
sett in. 

Thee pattern in innovative activity bears important consequences for the industrial 
dynamics.. Over the product life-cycle, the increase in economies of scale and learning-by-
doingg combined with learning economies in R&D, lead to a rapid rise in the minimum 
efficientt scale. As a result, higher entry barriers limit further entry, and price competition 
forcess less efficient firms to exit. This "shake-out" phenomenon leads to a rapid fall in the 
numberr of participating firms, and the industry is transformed in a highly concentrated one 
(Klepperr 1997). 

Bothh the emergence of the dominant design and the trends in the rate of product 
innovation,, process innovation, and industrial concentration have been the subject of 
empiricall  studies. These studies are reviewed below in two sub-sections. The first sub-section 
discussess empirical studies on the emergence of dominant designs in a number of products. 
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Thee second sub-section discusses studies on trends in product innovation, process innovation, 
andd industrial concentration. 

4.1.11 Historical examples of dominant designs 

Apartt from the T-Ford model in the automobile industry, as mentioned in Chapter 1, another 
well-documentedd example of the emergence of a dominant design has been described by 
Sahall  (1981b) in a study on the tractor industry. Again, the interplay between product 
standardisationn and process innovation is highlighted. The dominant design emerged in 1913 
withh the development of a "frameless" architecture in which belt pulley gears, final drive, and 
clutchh housing were combined with the engine crank in one unitary construction. This 
innovationn can be considered as typical architectural innovation. According to Sahal, this 
constructionn was made possible by various precision techniques in manufacturing leading to 
"thee gradual transformation of the production set-up from what was essentially a foundary 
intoo something of a machine shop" (Sahal 1981b: 371). The interplay between product and 
processs innovation in this example is evident. The second major change followed soon with 
introductionn of power take-off in 1918 enabling transmission to various drawn implements. 
Together,, these two innovations laid the foundations of modern tractor technology and can be 
consideredd constitutive of a dominant design (Sahal 1981b). 

II  II  II I 

Time e 

Figuree 4-1: Innovative activity over time (from: Utterback and Abemathy 1975: 645) 

113 3 



Thee dominant design in tractor technology was incrementally improved during the 
decadess that followed by several minor innovations so that it could be used for an increasing 
acreagee of a farm. Average acreage tripled during period between 1921 and 1968. The 
innovationss that were introduced during this period included adjustable front wheel spacing, 
mechanicall  lift , rubber tires, hydraulic remote control, and power steering, while according to 
Sahall  (1981b, 1985) the basic architecture and core technologies did not change. 

Usingg data on product characteristics on a large number of tractor models introduced 
duringg the period 1921-1968, Sahal (1985) looked whether particular robust quantitative 
relationshipss between design variables could be indicated. The author reports on results of 
log-linearr regressions between average ballasted weight as independent variable and several 
otherr variables as dependent variables (belt power, drawbar power, drawbar pull, fuel 
consumption,, number of cylinders, speed). The relationships between average ballasted 
weightt and other variables fitted reasonably well. The relationships between variables suggest 
thatt a dominant design has been scaled in various dimensions and in a systematic way. 

Gibbonss et al (1980) also showed the gradual pace of technological development in 
tractorss for the period between 1957-1977. Using a technological sophistication index (TSI), 
theyy showed that technological advancement in U.K. tractor models was highly cumulative 
andd incremental in nature. What is important to note here is that the new product models 
introducedd over time did not only include "state-of-the-art" models with more power and 
higherr performance. Saviotti (1996: 98) showed that the power of new tractors models 
introducedd during the period 1957-1977 ranged from 40 hp to 180 hp, which may suggest that 
productt variety, while being based on a single dominant design, has increased. 

Inn the history of aircraft design, the Douglas DC-3 model introduced in 1936 is 
widelyy considered as a dominant design that set an industry-wide standard in design (Miller 
andd Sawers 1968; Nelson and Winter 1977; Abernathy and Utterback 1978; Constant 1980; 
Sahall  1985). The innovation underlying this dominant design concerned a monocoque 
architecture,, in which several innovations were integrated (cantilever wing, monoplane, a 
retractablee landing gear, all-metal materials). The success of the DC-3 was subsequently 
establishedd by low costs of production that resulted from learning-by-doing gains from an 
unprecedentedd total number of 10654 models produced when production ceased in 1947 
includingg both civil and military variants (Jane's 1978: 338). The dual use of the Douglas 
DC-33 in civil and military operations clearly contributed to its dominance. Furthermore, 
pilotss and mechanics using the aircraft accumulated skill, experience, and auxiliary 
equipmentt to operate and maintain this aircraft reinforcing its efficiency in use (Rosenberg 
1982:: 120-140). These "leaming-by-using" effects should be distinguished from leaming-by-
doingg effects in production. 

Followingg on the success of the DC-3, the Douglas company continued to use this 
designn in a number of scaled versions that differed primarily in the number of engines 
(increasedd from two to four), the use of pressurised cabins, and the use of more powerful 
pistonn propeller engines. The DC-7 introduced in 1956 has been the last and largest variant of 
thee DC-3. Compared to the DC-3, the DC-7 was two times longer and faster, had four times 
ass many passenger seats, and five times as much maximum take-off weight and range (Jane's 
1978). . 

Thiss scaling trajectory has not been limited to the models of the Douglas Company 
only.. Looking at propeller engine product designs introduced by different firms during the 
periodd between 1928 and 1957, Sahal (1985) performed log-linear regressions between gross 

114 4 



take-offf  weight as independent variable and several other variables as dependent variables 
(power,, speed, service ceiling, number of engines). He concluded from the statistical fits that 
thee aircraft industry in general went through a period of incremental and systematic scaling. 
Thiss indicates that the technological trajectory of the Douglas DC-series based on the DC-3 
dominantt design can be considered an industry-wide trajectory, thus confirming earlier 
qualitativee observations (Miller and Sawers 1968; Nelson and Winter 1977; Dosi 1982).78 

Anotherr example of the emergence of a dominant design has been described by 
Cowann (1990) in his study of the lock-in of light-water nuclear reactors. During the period 
1966-1986,, light-water reactors increased their share from about 25 percent to over 80 
percentt of the world nuclear reactors (excluding former Soviet-Union) (Cowan 1990: 548). 
Thiss rapid increase of the use of light-water nuclear reactors was not expected as many 
countriess outside the United States developed alternative technologies, in particular gas 
graphitee nuclear reactors and heavy-water nuclear reactors. 

Thee initial choice in the United Stated for light-water nuclear reactors was motivated 
byy an urgent need of U.S. Navy for a small nuclear reactor for submarine propulsion. 
Considerablee investments and a high rate of learning about its workings have given a great 
impulsee to light-water nuclear reactor technology. The cost of operation steadily fell and the 
uncertaintyy of its workings decreased, which rendered light-water nuclear reactors attractive 
forr civil purposes in the United States and outside. Moreover, the American government 
activelyy promoted their technology in the European countries, in which the other options 
weree under development. Thus, both increasing returns to adoption and the political weight of 
thee United States have contributed to the lock-in of light-water nuclear reactors (Cowan 
1990). . 

Thee review here is not intended to cover all histories of dominant designs. The reader 
iss referred to the following sources. Utterback and Suarez (1993) mention examples of 
dominantt designs in televisions, TV tubes, typewriters, transistors, and electronic calculators. 
Murmannn and Tushman (1998) mention studies that have indicated dominant designs in 
motorisedd ships, cotton gins, barbed wire, railway propulsion, power systems, radio systems, 
andd watches. Pinch and Bijker (1984) showed the constitution process of a dominant design 
inn early bike history. Finally, Cowan and Gunby (1996) describe the dominance of chemical 
controll  of agricultural pests as an example of a technology that remains dominant despite 
claimss of superior alternative methods. Note again that the large majority of these examples 
concernn complex assembled products, to which the product life-cycle model specifically 
applies. . 

Thee historical examples of dominant designs discussed above show that 
standardisationn in a dominant design generates several economic advantages including the 
facilitationn of large-scale production, the "stretching" of the dominant design in follow-up 
models,, and increased ease of use and maintenance by users. The emergence of a dominant 
designn is well illustrated by Arthur's (1989) lock-in model of increasing returns to adoption: 
ann initial variety of technologies preferred by different user groups disappears as a single 
standardd design becomes dominant. 

However,, though there is agreement on increasing returns as being an important 
factorr in explaining technological standardisation, a dominant design generally not simply 
emergess out of a "battle" between alternative designs. As Utterback and Suarez (1993: 1) 
argued: : 

788 The history of civil aircraft is discussed in more detail in Chapter 7 of this study. 
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"A"A dominant design usually takes the form of a new product (or set of 
features)features) synthesized from individual technological innovations introduced 
independentlyindependently in prior technological variants. " 

Thiss type of innovation is an example of an architectural innovation as defined by Henderson 
andd Clark (1990) and as analytically defined in Chapter 3 as part of the generalised model of 
productt innovation in complex systems. A dominant design reorganises existing alleles of 
elementt technologies in a new way such that it can be produced more easily and improved 
moree easily. Similarly, Sahal (1985: 64) speaks in this context of "systems innovations that 
arisee from the integration of two or more symbiotic technologies in an attempt to simplify the 
overalll  structure". This "symbiotic" nature of dominant designs reflects the 
complementaritiess within a system between its element technologies that are epistatically 
related. . 

Klepperr and Simons (1997: 451) have put further nuances to the concept of dominant 
design.. Rather than viewing the emergence of a dominant design as a kind of sudden 
transitionn in the industrial organisation of industries, they argue that technological evolution 
iss better understood as a prolonged competition process between firms through which 
technologicall  standardisation only gradually occurs. Their finding that the firms surviving the 
shakeoutt are typically very early entrants in the industry, supports this gradualist view. These 
survivingg firms are first in realising increasing returns in production and in R&D, which give 
thesee early entrants a self-reinforcing advantage that only gradually "propels" them to 
dominantt market positions. 

4.1.22 Empirical studies on the product life-cycle 

Studiess on the emergence on dominant designs in the history of particular industries cover 
onlyy one part of what is described by the product life-cycle model. A growing number of 
studiess attempt to test the product life-cycle model as a whole using times-series data to test 
forr patterns in innovative activity and industrial dynamics over time. Below, I review six 
studiess that have been carried out using different types of data (Gort and Klepper 1982; 
Andersonn and Tushman 1990; Utterback and Suarez 1993; Klepper and Simons 1997; 
Malerbaa and Orsenigo 1996; Breschi et al. 2000). The results of these studies show a number 
off  regularities that correspond to the predictions that can be derived from the product life-
cyclee model, but also highlight a number of irregularities that call for extensions of the 
originall  product life-cycle model.79 

Ann extensive study by Gort and Klepper (1982) covers the history of a large number 
off  different product technologies. They used data for American industries on entry and exit 
forr 46 products. From these 46 technologies, patent data were found for 42 products, output 

ForFor another review of product life-cycle studies, see Klepper (1997). For a somewhat broader review of 
empiricall  research on industrial dynamics, see Dosi et al. (1997). 
800 The 46 technologies are baseboard radiant heating, freon compressors, computers, piezo crystals, DDT, 
electrocardiographs,, electric blankets, electric shavers, jet engines, rocket engines, fluorescent lamps, home and 
farmm freezers, beta-ray gauges, gyroscopes, lasers, adding and calculating machinery, guided missiles outboard 
motors,, nylon, rubber and rubberbase paints, penicillin, ballpoint pens photocopy machines, polariscopes, heat 
pumps,, marine and airborne and other radar, radio transmitters, nuclear reactors, microfilm readers, phonograph 
records,, saccharin, shampoo, streptomycin, styrene, crygenic tanks, recording tapes, telemeters, televisions, 
oxygenn tents, automobile tyres, transistors, artificial Xmas trees, cathode ray tubes, gas turbines, windscreen 
wipers,, and zippers. 
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dataa were found for 25 products, price data were found for 23 products, and counts of major 
andd minor innovations81 were found for 23 products. Gort and Klepper (1982) came up with a 
numberr of interesting results. Concerning the basic life-cycle pattern of products in terms of 
expandingg output through falling prices, the results point indeed to rapidly falling prices and 
demandd only saturating in the later stages of the product life-cycle. Concerning the industrial 
dynamics,, they found that net entry tends to rise in the early history of a product life-cycle 
andd tends to fall hereafter as predicted by the product life-cycle model. Net entry is also 
positivelyy correlated with the rate of innovation in agreement with the product life-cycle 
model:: the rate of innovation is highest in the early development and falls hereafter. 
Concerningg the dynamics in the rate of different types of innovation over time using the 
distinctionn between major and minor innovation, they found that, on average, the rate of 
majorr innovations peaked earlier than the rate of minor innovations. In so far as major 
innovationss can be considered as early product innovations, and minor innovations as later 
extensionss of a dominant design, the results may point to the patterns predicted by the 
productt life-cycle model.82 However, they found that the rate of innovation in both major and 
minorr innovations did not fall substantially after the peak value had been reached. Moreover, 
patentt data did not show a decrease in innovative activity in the later stages of the product 
life-cycle.. The latter results suggest that the rate of innovation does not fall drastically over 
thethe product life-cycle. 

Inn their study on technological successions in the history of particular products, 
Andersonn and Tushman (1990) collected data on the number of designs introduced each year. 
Usingg these data, the authors compared the rate of introduction of new designs before and 
afterr a dominant design. Anderson and Tushman (1990: 620) defined the emergence of a 
dominantt design as "a single configuration or a narrow range of configurations that 
accountedd for over 50 percent of new product sales or new process installations and 
maintainedd a 50-precent market share for at least four years". Note however that this choice 
off  definition is not further discussed, while it is neither explained in the text how a design 
"configuration""  is defined in terms of product characteristics. Using their definition, the 
authorss found that, for three successive dominant designs in the cement industry, the mean 
numberr of new designs during the period preceding the dominant design was higher than 
duringg the period after the dominant design. For one dominant design in minicomputers based 
onn semiconductor memory, they also found a drop in the mean number of new designs that 
hadd been introduced after the dominant design had emerged. These results indicate a drop in 
productt innovation after the emergence of a dominant design as predicted by the product life-
cyclee model. 

Utterbackk and Suarez (1993) went through studies on the history of eight 
technologies.. They concluded from qualitative historical evidence collected by others that a 
dominantt design had emerged in the history of the typewriter, automobile, television, TV 
tubes,, transistor, electronic calculator industries, while historians could not find a dominant 
designn in the industries of integrated circuits and supercomputers. Utterback and Suarez 
(1993)) argue that in the development of the integrated circuits changes have been introduced 
att such a high rate that no dominant design could occur, while in supercomputers, a dominant 
designn is still expected to emerge. The historical evidence on the six industries, in which a 
dominantt design was found, is then related to industrial dynamics as measured by the number 

811 The authors do not explain how major innovations are distinguished from minor innovations. 
822 Since Gort and Klepper (1982) made no distinction between product and process innovation, the authors were 
nott able to test whether the rate of product innovation peaks earlier than the rate of process innovation as 
predictedd by the product life-cycle model. 
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off  participating firms over time. In all six industries, a rapid rise in the number of firms is 
observedd before the alleged dominant design emerged and a sudden fall in the number of 
firmss hereafter. These findings are evidence for the hypothesis that a dominant design leads 
too a "shake-out" in the industry. For the two remaining technologies for which no dominant 
designss were found - integrated circuits and supercomputers - there were indeed no shake-out 
phenomenaa observed. 

Notee that in the study by Utterback and Suarez (1993), a quantitative analysis of the 
ratee in product innovation and the rate in process innovation before and after the emergence 
off  the dominant design on the basis of product counts or other indicators was not included. 
Alsoo note that this study is limited in that it does not use an operational definition of a 
dominantt design. However, the results on industrial dynamics before and after the alleged 
dominantt design are interesting as the results suggest that the shake-out phenomenon in 
productt life-cycles is quite robust. 

Klepperr and Simons (1997) provide the most in-depth analysis by looking at both 
patternss in product innovation, process innovation, and industrial dynamics in four industries: 
automobiles,, tires, televisions, and penicillin. This study combines data on many variables 
thatt are considered to be relevant in the product life-cycle model. These data include entry 
andd exit rates of firms, the total number of firms, the number of product and process 
innovations,, and indicators of their impact. The results on the industrial dynamics are robust. 
Inn all four industries, the number of firms first rose rapidly through massive entry and rapidly 
felll  hereafter through exit indicating shake-out phenomena in all industries. The patterns in 
productt and process innovation, however, followed quite different patterns for different 
products.. For automobiles, the peak in the rate of product innovation indeed took place before 
thee peak in process innovation in correspondence with the product life-cycle model. The 
introductionn of the T-Ford and mass production process technology coincided with the shake-
out.. However, the rate in product innovation did not fall substantially after the peak 
indicatingg that many changes in design took place after the T-Ford was introduced, notably 
thee introduction of closed-body design some 15 years later. In the tire industry, the peak in 
thee rate of product innovation also preceded the peak in process innovation, but this time the 
peakk in process innovation occurred much earlier than the shakeout in firms. The evolution of 
televisionn technology showed that major process innovations were concentrated in the very 
earlyy phase of technological development before the shake-out occurred. These innovations 
weree to an important extent based on knowledge transferred from outside the industry, in 
particular,, from the radio industry. Product innovation dropped indeed after the shake-out, 
butt increased rapidly again when the colour television was developed.83 Finally, penicillin 
showedd an inverse relationship between the rate of product and process innovation. Before 
thee shake-out occurred, most innovative effort concentrated on process technologies to reduce 
price.. The authors explain this effort as being the result of by large government programs that 
aimedd to make penicillin widely available through low prices. After the shake-out occurred, 
manyy different penicillin types have been developed indicating a rise in product innovation.84 

Onee can argue that one should consider the introduction of the colour television as constituting the start of a 
neww life-cycle. 

Ass Klepper and Simons (1997: 452-453) note, the result on penicillin cannot be considered as an important 
anomalyy of the product life-cycle model, since the product life-cycle model explicitly refers to assembled 
productss that require standardisation in elements and architecture for process innovation to take off. In this sense 
penicillinn can not be considered an assembled product. Note again that the (generalised) NK of complex system 
iss a model of assembled products as complex systems are defined as consisting of elements and epistatic 
relationss between elements. In the next empirical chapters of this study, the analyses will indeed exclusively 
deall  with assembled products (aircraft, helicopters, motorcycles and microcomputers). 
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Thiss detailed study of the product life-cycle dynamics in four industries shows that the 
patternss in product and process innovations are quite specific in the history of each of the four 
technologies. . 

Malerbaa and Orsenigo (1996) studied relationships between innovation dynamics and 
industriall  dynamics in a somewhat different but related framework. The authors do not 
preciselyy follow the product life-cycle model, but use the classification of Schumpeter Mark I 
regimee and Schumpeter Mark II regimes. However, the distinction between Schumpeter 
Markk I and Schumpeter Mark II is by no means incompatible with the stages distinguished in 
thee product life-cycle. As I explained in Section 1.2 of this study, the Schumpeter Mark I 
regimee can be considered as the first explorative stage of the product life-cycle, and the 
Schumpeterr Mark II regime as the third mature stage of the product life-cycle.85 The study by 
Malerbaa and Orsenigo (1996) covered 49 technological classes, which have been grouped 
accordingg to classes of patent statistics. On the basis of this classification, Malerba and 
Orsenigoo found that the majority of classes could be characterised as either Mark I or Mark 
II .. The former group contained industries with small-sized firms, high entry, low 
concentration,, and low stability in ranking of innovators (the explorative stage in the product 
life-cycle).. The second group contained industries with large-sized firms, low entry, high 
concentration,, and high stability in ranking of innovators (the mature stage of the product 
life-cycle).. Although this approach shows that the majority of industries are well 
characterisedd as either Mark I or Mark II industries, it does not go into the determinants of 
thesee patterns of industrial organisation, nor into the changes that occurred in these industries 
overr time. 

InIn a follow-up study, Breschi et al. (2000) related the Schumpeter Mark I regime and 
Schumpeterr Mark II regimes to indicators that characterise the properties of the technology to 
testt whether these patterns of industrial organisation can be related to a particular stage in 
technologicall  development. The indicators include the size of technological opportunities, the 
degreee of cumulativeness of innovations, the degree of appriopriability of innovations, and 
propertiess of the knowledge base. Data on these variables were collected on the basis of a 
questionnairee survey conducted in the UK, Germany, and France. Following Malerba and 
Orsenigoo (1996), the authors follow the distinction between Schumpeter Mark I and 
Schumpeterr Mark II as two different "technological regimes", the first characterising the 
earlyy stage of the product life-cycle and the second characterising the maturing stage of the 
productt life-cycle. The first regime is characterised by high technological opportunities, a low 
degreee of cumulativeness and appriopriability, and a knowledge base predominantly based on 
appliedd science. The second regime is characterised by low technological opportunities, a 
highh degree of cumulativeness and appriopriability, and a knowledge base predominantly 
basedd on basic science.86 They found that Schumpeter Mark I patterns of industrial 
organisationn can indeed be explained by the signs of the four indicators characterising the 
firstt regime, and that Schumpeter Mark II patterns of industrial organisation can be explained 
byy the opposite signs of the four indicators characterising the second regime. 

Summarising,, all six studies show evidence on particular regularities in patterns in 
innovationn and industrial dynamics using different data and methodologies. Shake-outs are 

Malerbaa and Orsenigo (1996: 452, nl) also recognised these similarities. 
66 Note that Breschi et al (2000) use the term "technological regime" in a different way as initially defined by 

Nelsonn and Winter (1977) as discussed in this thesis in Chapter I. The definition of regime in Breschi et al 
(2000)) follows a later definition by Winter (1984) in his simulation work on evolutionary models of innovation 
andd competition. In these models, different sets of model parameter values that influence the rate of (process) 
innovationn are labelled different regimes. See also Oltra (1998) for extensions of this model. 
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veryy common after a short period of high entry. Furthermore, prices tend to fall rapidly after 
ann early explorative stage and output typically saturates at die later stage of the product life-
cycle.. The results on the rate in product and process innovations over the product life-cycle 
showw less clear patterns. Though in most industries process innovation only took off after a 
periodd of many product innovations, there is no clear evidence that the rate of product 
innovationn falls substantially after a dominant design occurs as predicted by the product life-
cyclee model. The review suggests that, if a dominant design can be said to have emerged at 
all,all, it does not preclude product innovation within the dominant design to continue. 

Fromm the review of empirical studies, two conclusions are derived here that are 
consideredd especially relevant in the light of the generalised NK-model of product innovation 
inn complex artefacts as developed in the previous chapters. The first conclusion is a 
methodologicall  conclusion. The studies reviewed here make use of many kinds of different 
dataa to analyse product life-cycle patterns in innovation and industrial dynamics, but most 
studiess lack a clear operational definition of a dominant design. Only in one study the 
emergencee of a dominant design is defined quantitatively but rather arbitrarily (Anderson and 
Tushmann 1990). Other studies are based on qualitative sources only (Utterback and Suarez 
1993)) or do not address the question whether a dominant design emerged (Gort and Klepper 
1982;; Klepper and Simons 1997; Malerba and Orsenigo 1996; Breschi et al. 2000). Ideally, 
onee would like to answer the question on whether a dominant design emerged from 
quantitativee data on product characteristics using statistical criteria that can be transferred and 
appliedd to data-sets on other technologies as well. This issue will be taken up in Chapter 5 -
thee introductory chapter of the empirical part of the study - in which I introduce a statistical 
entropyy methodology to measure product variety. 

Thee second conclusion that can be drawn from the review is an empirical conclusion 
thatt calls for a theoretical extension of the model. There is no clear evidence that the rate in 
productt innovation substantially falls after the dominant design occurs. This result suggests 
thatt product innovation can continue parallel to a high rate in process innovations. Put 
anotherr way, the results suggest that process innovations do not necessarily require rigid 
productt standardisation, but may be compatible with continuing product innovation. This 
suggestionn is elaborated in this Chapter 4 on the basis of a generalised model of product 
innovationn in complex technological systems as developed in Chapter 3. 

4.22 ECONOMIES OF SCALE AND ECONOMIES OF SCOPE 

Thee originality of the product life-cycle thesis concerns the focus on the interplay between 
productt innovation and process innovation and the relationship between innovation dynamics 
andd industrial dynamics. The "lynch-pin" in the product life-cycle model is the concept of 
dominantt design. A dominant design allows for long-run investments in large-scale 
productionn systems by means of which economies of scale and cost-efficiency increase 
rapidly.. As a result, the minimum efficient scale of operation increases to such an extent that 
laggingg firms are forced to exit. This shake-out phenomenon is repeatedly confirmed in 
empiricall  studies. 

Ass noted above, patterns in innovation show a more complicated picture. There is no 
clearr evidence that the rate in product innovation substantially falls after the dominant design 
emergess and the shakeout occurs. Within the framework of the generalised model of product 
innovationn in complex technological systems, it will be shown below that product innovation 
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cann continue to take place within a dominant design, in particular, when economies of scope 
aree substantial. Before turning to the concept of economies of scope, I first discuss the more 
familiarr effect of an increase in economies of scale on product innovation within the 
frameworkk of the generalised model of product innovation in complex technological systems. 

4.2.11 Economies of scale 

Thee product life-cycle model can be reformulated within the generalised model of product 
innovationn and function space as described in Chapter 3. In this model, different designs can 
bee found by function space search to serve different user groups with different rankings of 
servicee characteristics. The number of different user groups that can be served by different 
designss is technically unlimited. In principle, the design space of possible designs can be 
enlargedd at all times by the development of new alleles of existing elements or by developing 
neww elements. This implies that without forces limiting product variety, product variety is 
expectedd to increase over time as more designs are developed that are specifically adapted to 
differentt user groups and income groups. Analogous to evolutionary branching patterns of 
varietiess in biological evolution, technological evolution can be described as a branching 
patternn of product designs specifically adapted to preferences of different user groups 
(Saviottii  1996). 

How,, then, does one explain the tendency towards technological standardisation as 
suggestedd by the product life-cycle model? It is important to recognise that technological 
standardisationn into one dominant design is not necessarily related to the selection of one 
designn with superior performance that suits the preferences of all user groups. This assertion 
correspondss to the finding that designs that have been considered dominant designs are 
generallyy not close to the technological frontier (Utterback and Suarez 1993). Rather, a 
dominantt design results from a combination of several complementary element technologies 
withinn a simplified architecture that yields an "reasonable performance" at "reasonable 
costs".. In particular, the architecture of a dominant design is likely to be such that it 
facilitatess process innovations aimed at increasing mechanisation and economies of scale. 
Throughh these investments the cost per unit output can be reduced substantially, which leads 
too a rapid fall in sales price. Several user groups will now opt to use one and the same cheap 
design,, which, although not perfectly adapted to their preferences, has a higher value-for-
moneyy due to its low price. Alternative varieties that were used by specific user groups tend 
too disappear as the small scale of production renders its sales price too high relative to the 
loww price of the dominant design. 

Inn the generalised NK-model, one can understand the fall in product variety by adding 
aa price variable to the original fitness function. In Chapter 3, the fitness of each design as 
assessedd by different user groups was modelled as a function of the levels of service 
characteristics: : 

* W = XX Ag-wr(5) (4.1) 
/ - I I 

Thiss formula expresses the fitness W of design s in the eyes of user group g. The notion of 
fitnesss here refers to the product quality of a product design as expressed by the values of 
servicee characteristics multiplied by their weights and irrespective of the sales price. This 
notionn of fitness reflects the general idea that product quality is independent of the price at 
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whichh this design is sold, since changing prices do not affect the quality of a product as 
expressedd by the set of service characteristics. However, the purchasing decision of a user 
groupp is obviously based on both the product quality Wg of the product design and the price at 
whichh it is sold. Different varieties of designs are compared on the basis of their "value for 
money""  Vg by each user group g, which can be expressed as the ratio of fitness and price: 

w-iérr (4-2) 
wheree P(s) stands for the price of product design s. In a first instance, price can be taken to be 
solelyy dependent on the production costs of design s. For example, one can think of price as 
equallingg unit production costs plus a mark-up percentage over costs. 

Usingg the formula, the effect of product innovation and process innovation can be 
elaborated.. Product development leads to a new design 5 with some fitness value and price 
yieldingg a value Vg(s) for each user group. As long as there exists at least one user group that 
preferss product design s in terms of value-for-money, product development is successful and 
thee resulting higher level of product variety can be sustained. In this way, product innovations 
cann in principle lead to an ever-increasing variety of designs adapted to different user groups. 

Wheree product innovation adds to product variety, process innovation affects prices 
andd can diminish product variety. Once the rate in process innovation differs among different 
designs,, differential decreases in price leads to differential increases in the value-for-money 
off  different designs. As a result, the varieties that have become relatively cheaper can become 
preferredd by more user groups and can increase their market share at the expense of other 
varieties.. In particular, designs with "modal" values for service characteristics and moderate 
productionn costs can attract most new user groups (Gibbons et al. 1980; Langlois and 
Robertsonn 1992; Utterback and Suarez 1993). Furthermore, the absolute decrease in price 
resultingg from process innovation will attract new, low-income consumers that previously did 
nott consume the product. 

Ass production numbers of these designs increase, learning-by-doing gains also 
increase,, leading to further reductions in price and further increases in value-for-money for a 
largerr number of user/income groups. The ultimate effect of differential rate in process 
innovationn can be a total dominance of one design produced and sold so cheaply that its 
value-for-moneyy exceeds that of all other designs for all user groups. This design can be 
consideredd the ultimate form of a "dominant design". 

Thee most commonly cited example of a dominant design in the T-Ford as Utterback 
andd Abernathy (1975) and Abernathy and Utterback (1978) primarily used the car technology 
ass reference. The T-Ford is a typical example of a design that balanced reasonable 
performancee and low costs. As Langlois and Robertson (1992: 298) put it: 

"The"The undifferentiated, no-frills product may not have suited everyone's, (or, 
indeed,indeed, anyone 's) tastes exactly. But the progressive reductions in price that 
longlong production runs made possible brought the Model T within the budget 
constraintsconstraints of a growing number of people who were willing to accept a 
relativelyrelatively narrow provision of attributes rather than do without. " 

Itss main distinctive feature was its ease of production and ease of use, which contributed to 
loww production costs and low maintenance costs. The architecture of T-Ford model facilitated 
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aa production process with a high degree of mechanisation and division-of-labour. These 
featuress all contributed to the low costs of production and use, which made car technology 
availablee to a mass-market. 

4.2.22 Economies of scope 

Thee second stage of the product life-cycle model is characterised by a strong decrease in the 
ratee in product innovation and a strong increase in the rate of process innovation. The 
combinedd effect is a rapid reduction in product variety as a result of rising economies of scale 
andd learning-by-doing in a small number of "modal quality" designs. The rapid increase in 
economiess of scale and learning-by-doing in one or a limited number of designs leads to a 
rapidd reduction of their prices, and consequently, a rapid increase in value-for-money. Other 
designn varieties that profit less from scale economies tend to disappear. 

Thee reduction in product variety as a result of process innovation can be understood in 
thee generalised NK-model. However, the results of empirical studies suggested that the rate 
inn product innovation and the rate in process innovation are not as strongly inversely related 
ass suggested by the product life-cycle model. The continuing rate of product innovation does 
nott seem to be in line with the hypothesis of a falling product variety, since the continuation 
off  product innovation is likely to lead to new varieties to be introduced in the industry. 

Anotherr empirical result, which has been shown more robust and which is in line with 
thee product life-cycle model, is the rise and fall in the number of firms participating in an 
industry.. The fall in the number of firms, which is generally indicated by the term "shake-
out",, is said to be related to the emergence of a dominant design, which enlarges the 
minimum-efficient-scalee of production. The question at hand becomes how one can 
understandd that a rapid fall in the number of firms observed at some point in time does not 
co-occurr with a fall in the rate of product innovation. Put another way, the average rate of 
productt innovation per firm may very well be rising (though the industry aggregate rate of 
productt innovation may or remain constant at the same time). 

Too understand the apparent ambiguity of the effects of process innovation on product 
variety,, it is useful to distinguish between two types of process innovations. There are process 
innovationss that increase the minimum-efficient-scale of production, and there are process 
innovationss that enlarge the number of product varieties that can be produced by a single 
processs technology. The first type of process innovation is central to the product life-cycle 
modell  as originally proposed by Utterback and Abernathy (1975), as a rise in minimum-
efficient-scalee of production leads to a shake-out. The second type of process innovation is 
nott discussed in the literature on the product life-cycle. This type of innovation involves the 
introductionn of more flexible techniques that enable an individual firm to produce a variety of 
designss with a single process technology. In this way, a firm benefits from "economies of 
scope",, as it is able to reduce the cost of production per product variant by using a single 
productionn technology. Flexible process technologies put the traditional trade-off between 
productt variety and scale economies into a new perspective, and provide a clue for extending 
thee original product life-cycle model.87 

Developmentss that have contributed to flexibility  in production processes are the advent of precision 
techniquess and new machine tools in manufacturing at the turn of the 19*  century (Rosenberg 1963). More 
recently,, the introduction of information technologies and robotics has contributed to the flexibilit y in 
productionn processes and has enlarged the opportunities of economies of scope. 
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Thee concept of economies of scope has been introduced to define the cost structures 
off  multi-product firms (Teece 1980, 1982; Paraar and Willi g 1981).88 Economies of scope 
referr to cost advantages in the joint production of mulitple products against specialising in the 
productionn of a single product. Put another way, economies of scope arise when a single firm 
cann produce a number of products at a cost per product that is lower than the cost per product 
whenn produced by a separate firm. In the example of the joint production of two designs 
withinn one firm, say design 000 and design 100, there exist economies of scope when: 

CC (000,100) < C (000) + C (100) 

withh C standing for production costs of one firm. 
Panzarr and Willi g (1981: 269) formulated the general source of economies of scope as 

stemmingg from: 

"inputs"inputs which, once procured for the production of the one output, would 
alsoalso be available (either wholly or in part) to aid in the production of other 
outputs." outputs." 

Suchh inputs are also called sharable inputs. After the use of these inputs for the production of 
onee output, some of these inputs still remain available for the production of particular other 
outputs.. Following Panzar and Willi g (1981: 269), the following main sources of economies 
off  scope can be listed: 

1.. Flexible production technologies and information systems that allow for production of 
differentt outputs at different times. Economies arise from a more efficient use of capital 
overr the period of time with possible 24-hours production. Moreover, transport costs and 
deliveryy times can be shortened when a single plant produces several varieties for 
customerss in its region. 

2.. Indivisible equipment that can be used for parallel production of multiple outputs such as 
factoryy buildings, electric power generators and distribution networks. 

3.. Re-use of waste material, energy, and other by-products from one production process in 
 89 

anotherr production process. 

4.. Human capital that can be applied to the production of multiple outputs. Once knowledge 
iss build up in an organisation to produce one output, this knowledge can also be used to 
producee another related output at small extra costs. In this context, one can use the 
conceptt of a firm's "knowledge base" that can be used for the production of several 
outputss (Dosi 1988; Langlois 2001). 

Forr all these sources, it holds that the production of multiple outputs by one firm is more 
efficientt in terms of costs per output compared to the efficiency of production of a single 
outputt by an individual firm. This allows a firm to reach several user groups with different 
varietiess at a lower cost than separate firms each servicing a single user group. For this 

888 For a review of literature on economies of scope, see Bailey and Friedlander (1982). 
899 These economies can contribute to environmentally sustainable policies that aim at decreasing pollution while 
att the same time reducing costs. 
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reason,, process innovation in production equipment and the building-up of human capital in 
firmss may actually lead to an increase in product variety at the firm level. 

Thus,, from the hypothesis that a dominant design leads to an increase in the rate of 
processs innovation and a fall in the number firms, does not automatically follows that product 
varietyy must decrease. Using the generalised model of product innovation in complex 
technologicall  systems in the next section, one can now ask the question what type of product 
innovationinnovation is expected to occur when firms enlarge the range of product varieties while 
profitingg from economies of scope. 

4.33 THE PLEIOTROPY PRINCIPLE: CORE AND PERIPHERY IN DOMINANT DESIGNS 

Inn the light of the generalised NK-model of product innovation in complex artefacts as 
developedd in the previous chapters, the size of cost reduction resulting from economies of 
scopee can be related to the degree of technical similarity between two product designs. 
Technicall  similarity between two designs can be expressed by the number of alleles that two 
designss share. For example, designs 000000 and 110000 have similarity four as they share the 
alleless of four elements. 

Onee can assume that the more alleles two designs have in common, the higher the 
economiess of scope resulting from the joint production. This assumption is based on the idea 
thatt the more alleles two product designs have in common, the less expensive the investments 
inn flexible production technology and human capital that are required to produce both product 
designs.. And, the higher the dissimilarity between two designs, the more expensive the 
requiredd process technology and human capital that are capable of producing both designs, 
andd the less the amount of economies of scope that can be realised from joint production. 

Startingg from this assumption, one can start theorising about the strategies of firms 
thatt aim to diversify their product offerings that enables them to get higher revenues from 
differentt user groups while at the same time preserving cost efficiency through economies of 
scope.. Competition between firms is thus based on "product portfolio" rather than on 
individuall  products as such. For example, a firm offering two designs that are technically 
quitee similar, but functionally adapted to two user groups, will have a cost advantage over a 
firmfirm offering two designs that are technically very different, while equally adapted to two 
userr groups. For equal levels of product quality, the first firm is able to outcompete the 
secondd firm by setting lower prices. 

Economiess of scope refer to the economies that can be achieved with regard to 
assemblingg a subset set of fixed alleles in some elements of designs, which are further 
differentiatedd by using different alleles for remaining elements. The advantage of this form of 
"flexiblee specialisation" is that at the one hand differentiation yields higher turnover as it 
increasess the value-for-money for different user groups, while at the other hand 
standardisationn in core elements yield economies of scale. 

Thee important conclusion to be drawn is that technical standardisation and product 
differentiationn are not perfectly opposite: a range of differentiated products can be realised by 
usingg a single set of fixed "core" elements, while varying the alleles of the remaining 

Inn the same way, dissimilarity or "distance" between two designs can be measured by the number of alleles 
twoo designs do not share. In the example, dissimilarity is two. This dissimilarity measure is known as the 
Hammingg distance (Kauffman 1993: 199). This measure is used in the study by Frenken et al. (1999b), which is 
includedd in the thesis as Chapter 6. Note that the sum of dissimilarity and similarity always adds up to N. 
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peripherall  elements. Langlois (2001: 89) speaks in this context of a hierarchy of the use of 
components.. There may exist economies of scale in assembling some elements (core 
elements)) while there economies of scale may be absent for other elements (peripheral 
elements).. Thus, standardisation of some elements in a "dominant design" does not 
necessarilyy imply that product variety falls to a minimum, and that product innovation is 
absentt hereafter. Rather, the nature of product innovation switches to mutations in peripheral 
elementss while preserving a common core of alleles of other elements in the production of 
multiplee designs. 

4.3.11 The pleiotropy principl e 

Too understand the possibilities for firms to create a range of different product designs while 
profitingg from economies of scope by using a number of standardised alleles of elements, the 
generalisedd model of product innovation in complex technological systems as developed in 
ChapterChapter 3 can be used. In this model, the architecture of a complex technological system is 
characterisedd by the matrix of epistatic relations between elements and functions. In analogy 
withh genotype-phenotype maps used in biological models, I introduced the term pleiotropy of 
ann element to indicate the number of functions affected by an element. An example of an 
element-functionn matrix of an architecture in given in Figure 4-2, where two elements have 
maximumm pleiotropy (four) and four elements have minimum pleiotropy (one). 

Thee main principle that can be derived from element-function matrices holds that the 
higherr the pleiotropy of an element, the more difficult it becomes to predict the net effect on 
totall  fitness of a mutation in this element. The reason is that a mutation in an element with 
highh pleiotropy affects many functions, whereas a mutation in an element with low pleiotropy 
affectss only one or few functions. The higher the pleiotropy of an element, the more likely the 
positivee effects of a mutation on some functions are cancelled by the negative effects on other 
functions.. Consequently, the net result of a mutation in a high-pleiotropy element on total 
fitness,, either positive or negative, is expected to be only small. By contrast, a mutation in an 
elementt with low pleiotropy can have a large positive effect on the one function or few 
functionss without any negative effects on other functions. 
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Figuree 4-2: Element-function matrix with high and low pleiotropy (N=6, F=4) 
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Altenbergg (1995) has treated this "pleiotropy-principle" formally using the generalised NK-
model.. For designs/strings with current total fitness W above the expected value of a random 
draww (0.5), it holds that the probability of a mutation increasing fitness inversely depends on 
thee pleiotropy of the element in which the mutation occurs. A mutation in an element with 
highh pleiotropy means that the fitness values of many functions are assigned a new random 
valuee with expected value 0.5. The higher the number of functions that are affected by a 
mutation,, the closer the average value of the new fitness value of these functions tends to the 
expectedd value 0.5. Therefore, a system's fitness, which is currently above 0.5, is more likely 
too be improved when a mutation occurs in a low-pleiotropy element. In that case, only one 
functionn or few functions get new randomly drawn fitness values, with a larger probability of 
thee net effect on fitness to be well above the expected value 0.5. The higher probability of 
successs of mutation in elements with lower degrees of pleiotropy is called here the 
"pleiotropyy principle". 

Thiss pleiotropy principle can be illustrated by the example of the architecture in 
Figuree 4-2. Imagine a design 000000 with fitness values for the four functions being W! = w2 

== w3 = w4 = 0.75 and Pi = p2 = p3 = p4 = 0.25 so system fitness W(000000) = 0.75. Given the 
pleiotropyy structure of the architecture, a mutation in the first or second element will not have 
thee same probability of raising total fitness W above 0.75 than a mutation in the third, fourth, 
fifthh or sixth element. The reason is that in the later case, a mutation only affects one function 
implyingg one random draw from the uniform distribution [0,1]. In the former case, a mutation 
affectss four functions implying four random draws from the uniform distribution [0,1]. The 
probabilityy of one random draw being higher than 0.75 is much higher than the probability of 
fourr random draws being on average higher than 0.75.91 

Thee pleiotropy principle has important implications for the heuristic search strategies 
thatt a firm can follow when aiming to serve different user groups with different degrees of 
economiess of scope. Consider the case of two user groups with Pu> p2i> p3i> P41 and 
P222 > Pi2 > P32 > P42- The two user groups only differ in that the first group prefers the first to 
thee second function and the second group prefers the second to the first function. Following 
thee example of the architecture in Figure 4-2, assume that function space search for user 
groupp g = 1 (pn > P21 > P31 > P41) leads to design 0000000 with W, (0000000) = 0.75 and 
C(000000)== 100, and assume that function space search for user group g = 2 
(P222 > P12 > P32 > P42) leads to design 111111 with W2 (111111) = 0.8 and C(l 11111) = 100. 

Inn this case, no economies of scope are expected in the production of both designs by 
aa single firm, since the two designs do not share any allele. One can even argue that 
diseconomiess of scope are expected when two designs share no allele as the different 
knowledgee bases that are required can be contradictory with respect to particular 
organisationall  routines (Dosi 1988). As the two designs do not share any allele, one can 
assumee that total costs of joint production are higher than the sum of costs of separate 
production: : 

C(000000,111111)) > C(000000) + C(l 11111) 

Theree is an alternative strategy available to a firm to serve both user groups while profiting 
fromfrom economies of scope. A firm can develop two similar designs for the two user groups. In 
thatt case, it could decide to produce 000000 for user group 1 as above and to find another 

Thee mathematical derivation of probabilities for elements with different pleiotropy values can be found in 
Altenbergg (1995: 233). 
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designn for user group 2 by means of innovation in low-pleiotropy elements. In the example, a 
designn for user group 2 can be found by mutating the fourth element to raise the level of the 
secondd service characteristic that is most highly weighted by user group 2 without loss in 
functionalityy in the other functions. The new design for user group 2 becomes design 000200. 
Thee fitness W2 (000200) may well be lower than the fitness found by function space search as 
abovee W2 (111111). However, the lower fitness W2 (000200) compared to fitness 
W22 (111111) can be compensated by the lower costs due to economies of scope in the joint 
productionn of 000000 and 000200 as: 

C(000000,000200)«« C(000000) + C(000200) 

Thee much cheaper production costs of 000200 allows this firm to offer a littl e less performing 
designn at a much lower price. The economies of scope in production may compensate for the 
lowerr functionality W2 (000200) compared to W2(l 11111) rendering the value-of money 
V22 (000200) higher than V2 (111111). 

Thee same heuristic search strategy to maximise economies of scope can be followed 
byy first developing design 111111 for user group g = 2, and then innovate in the third element 
too raise the performance of the first function to serve user group g=l leading to a design 
codedd 112111. The functionality Wi (000000) is likely to be larger than W2 (112111) but the 
economiess of scope in producing both designs 111111 and 112111 are expected to be 
considerable. . 

Altenbergg (1995) explained that the pleiotropy principle is not limited to mutation in 
existingg elements of a system, but also applies to the addition of a new element to a system. 
Inn biology, the addition of elements in a system corresponds to what biologists call "genome 
growth""  (Altenberg 1995). This subject is important in biology as organisms have evolved 
nott only by mutation and selection, but also by the occasional increase in the number of 
genes.. Similarly, technological evolution proceeds through mutations in existing elements of 
aa system and through additions of new elements to a system. 

Inn the context of enlarging the number of elements in a system, N increases while F 
mayy remain unchanged. The effect of the addition of a new element on the fitness values of 
thee affected functions can be modelled by assigning randomly a new fitness value for all 
functionss that the new element affects.92 In this way, Altenberg (1995) showed that fitness is 
thee more likely improved when the added element has lower pleiotropy.93 Again, it holds that 
thee higher the pleiotropy of the new element, the less chance the new element will increase 
fitness,, and precipitously less so. The higher the number of functions that are affected by the 

922 Note that in the NK-model as developed by Kauffman (1993), the addition of a new element in a system with 
aa given set of functions, cannot be modelled, since each addition of a new element would imply an addition of a 
neww function, too. 
933 Another type of evolution that has not been discussed by Altenberg concerns the additions of functions that 
weree not recognised before, while the number of elements does not change. In that case, the new function is not 
attributedd to a new element, but has become a new function in the eyes of the users. For example, 
environmentallyy friendliness of technologies has become a new and important function, also with regard to 
alreadyy existing products. Only after the effects of particular technologies on the natural environment had been 
researchedd and found damaging, this characteristic was added to the set of functions of a car. In the model, the 
introductionn of a new function / characteristic implies that the pleiotropy of the elements that affect this 
function,, increase. To model the effect of this introduction, the fitness value of this new function would be 
assignedd randomly for each different combination of elements affecting this function. Note that in the original 
NK-modell  as developed by Kauffman (1993), the addition of a new function in a system with a given set of 
elements,, cannot be modelled, since each addition of a new function would imply an addition of a new element, 
too. . 

128 8 



addedd element, the closer the average value of the new fitness value of these functions tends 
too the expected value 0.5. In the extreme case, in which the new element would affect all 
functions,, the expected value of total fitness would be closest to 0.5. Therefore, a system's 
fitnesss is more likely to be improved when the new element has a low pleiotropy.94 

4.3.22 Core and periphery in a dominant design 

Followingg the pleiotropy principle as derived from the generalised NK-model of product 
innovationn in complex artefacts, the term "dominant design" can now be taken to refer to a 
wholee range of different designs that share the same alleles for high pleiotropy elements. One 
cann speak of a "design family" of varieties that are all based on a common core of elements 
(Moweryy and Rosenberg 1982: 103; Saviotti 1988a: 587). The production systems of such 
familiess can be organised efficiently at the firm level since economies of scope can be 
realisedd by using the same alleles for high-pleiotropy elements for all product varieties. 

Followingg Murmann and Tushman (1998: 24), I call these high-plieotropy elements 
"core""  elements and I call the Iow-plieotropy elements "peripheral" elements (cf Clark 1985; 
Saviottii  1986, 1996).95 Using the distinction between core and peripheral elements, one can 
understandunderstand successions of product life-cycles as a sequence of changes in core elements, 
whilewhile innovation within in product life-cycle is characterised by changes in peripheral 
elementselements only. 

Thee basic dynamic over the product life-cycle becomes as follows. At the start of a 
productt life-cycle, firms first experiment with different alleles of core elements. Increasing 
returnss operate in the common adoption of standard alleles for core elements. Once the alleles 
off  core elements have been selected, innovation no longer concentrates on mutation of core 
elements,, but on designing product varieties based on mutations in peripheral elements. The 
emergencee of fixed core alleles can be considered indicative of a technological paradigm 
characterisedd by a codified "knowledge base" of the properties of core alleles (Dosi 1988). 
Usingg this codified knowledge base, different versions can be rapidly developed and 
efficientlyy produced due to economies of scope in the re-use of knowledge and equipment. 
Thiss has also been called "versioning" in discussions on economies of scope in providing 
differentt information services for different market segments that all are based on a single 
knowledgee base (Shapiro and Varian 1999). At the firm level, one speaks of "core 
competencies""  related to a particular technology that a firm can apply in different products 
(Prahaladd and Hamel 1990). 

Itt should be noted that the low probability of success of mutation in high pleiotropy 
elementss explains well the rigidity of core elements in dominant designs, but the possibility 
off  a successful mutation in a high-pleiotropy element remains. Assuming the engine element 

Modellingg system growth by adding elements is further discussed in the final Chapter 9. 
955 Core elements as defined here correspond to what has been called the "fundamental" elements or variables of 
aa design. According to Saviotti (1996: 78) fundamental variables are the variables that have "led to die 
introductionn of the technology in the first place". For example, the engine in carriages has led to me 
developmentt of the car, and the introduction of wings to vehicles to the airplane. This definition of fundamental 
variabless may rum out to be too restrictive as it is not based on the internal working of a technology itself, but 
onn the historical generation of die technology. On the basis of the model, one expects the core/fundamental 
elementss to be the high-pleiotropy elements, which may or may not correspond to the elements that created the 
neww product in the first place. Peripheral elements as defined here correspond to what has been termed 
"adaptive""  elements or variables. According to Saviotti {1996: 78) adaptive variables are those "which improve 
thee fit of the technology into the environment". 
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too be core in ships and aircraft, the succession of product life-cycles from sailing ships to 
steamm ships or piston propeller to jet engine aircraft are examples of successful mutations in 
coree elements. The mutation of core element is often motivated by an informed expectation 
thatt the new alleles for core elements, although not successful in the short run, have great 
potentiall  of improvements in the longer run. The expectations are often derived from 
advancess in natural sciences and from existing applications of the alleles in other products. 
Whatt the generalised NK-model is able to explain in this context is that mutations in core 
elementss can only be successful when accompanied by mutations in many other elements and 
possiblyy by changes in the architecture in which the elements are organised. The reason is 
thatt the introduction of new alleles of core elements renders the existing alleles of peripheral 
elementss no longer complementary thus requiring new alleles for these elements and 
modificationss in the system's architecture. The co-occurrence of modular and architectural 
innovationss make up what I called a radical innovation in the Chapter 3. 

Sincee architectures with both high-pleiotropy core elements and low-pleiotropy 
peripherall  elements enable the development of a design family based on standardised core 
elements,, one expects a dominant design to be characterised by an architecture with both core 
andd peripheral elements. This explains why dominant designs have been described as 
architecturall  innovation that reorganise elements in such a way that future innovation is 
facilitatedd in peripheral elements (e.g., Baldwin and Clark 1997; Schilling 2000). Without 
asymmetryy of elements in terms of high and low pleiotropy, varieties are not expected to stem 
fromfrom on a common set of core alleles. 

Thee high-pleiotropy elements of a dominant designs function as "technical standards", 
sincee they are not expected to mutate very often due to the low probability of success. Since 
designerss expect the alleles of high-pleiotropy elements not to change very often, these 
standardisedd elements function as "yardsticks" for innovations in elements with lower 
pleiotropy:: compatibility is first and foremost required with the standardised alleles of high-
pleiotropyy elements.96 

Thee structuring nature of standardised core elements can further be understood by 
lookingg at the effects on the size of the relevant design space. When core elements become 
standardisedd in a dominant design or what can also be called a technological paradigm, the 
dimensionss of core elements are no longer considered relevant for mutation. Consequently, 
thee dimensions of core elements are no longer considered to be relevant dimensions for 
search.. The standardisation of alleles of high-plieotropy elements thus reduces the relevant 
designn space, as search is concentrated on the dimensions of low-plieotropy elements only. 
Byy means of standardisation, the time and costs involved in search are exponentially reduced. 
Comparee Metcalfe (1995: 35-36) who stated: 

"In"In  short, a technology paradigm is a device for dealing with the tyranny of 
combinatorialcombinatorial explosion. (...) Once a workable design configuration has 
beenbeen established, it provides a framework for incremental artefact 
improvementimprovement within a stable broad knowledge and skill base. Rather than 
beingbeing random, technological development is guided in such a way as to 
reducereduce the rate of mutational error. " 

Forr example, the current dominant design in automobile construction is based on sciences 
relatedd to gasoline fuels and metal construction, but alternative dominant design had been 

Thee role of technical standards in complex artefacts is discussed in more detail in Section 9.4.5 in the context 
off  a discussion of future research questions based on the generalised NK-model. 
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possible.. Clark (1985) describes the history of automobiles as a sequence of function space 
searchh in core elements followed by function space search in peripheral elements. Early 
automobilee history was characterised by experimentation with different engine types, steering 
devicess and materials, which have been considered core elements, to solve basic problems of 
propulsionn and steering. Once a dominant set of alleles emerged (gasoline engine, wheel 
steering,, and steel), the agenda shifted given the alleles of core elements to function space 
searchh for minor improvements in safety, comfort and pollution. To this end, mutations 
occurredd in peripheral elements as tires, brakes, exhaustion, mirrors, lights, and interior.97 

Typically,, in mature industries as the automobile industry, each firm produce a range 
off  products that differ in size, efficiency, safety, speed, comfort and pollution, but all use the 
samee set of alleles for core elements as the engine, steering and materials (Gardiner 1986a, 
1986b).. A few other current examples of product families concern printers and copying 
machiness varying mainly in speed and print quality, televisions varying mainly in screen size, 
andd VCR's varying mainly in speed options and programming software.98 

Inn accordance to the model insights derived above, product innovation can also stem 
fromfrom the addition of new elements. The empirical importance of this type of innovation 
shouldd not be underestimated as the number of elements incorporated in technologies 
generallyy rises (Griibler 1998). In accordance to the model, new elements tend to be typically 
low-pleiotropyy elements that are introduced to improve a particular function (Saviotti 1986). 
Forr example, many elements have been added to improve safety (e.g., mirrors, belts, airbags), 
crimee prevention (alarms, locks), ease of use (remote control, voice recognition), comfort 
(suspensions,, starting devices), or environmental performance (e.g., catalyst, filters). 

AA more recent development, in particular in computers, concerns the development of 
productt designs that allow the product to be expanded by users themselves with other 
elementss called "add-ons" (Langlois and Robertson 1992).99 Firms that design products in a 

Clarkk (1985) describes innovation in early automobiles as being mainly concerned with the core concepts 
includingg the kind of engine to use (steam, electric, gasoline), the kind of steering device (wheel, tillers), and the 
kindd of material to use (metal, wood) (see also, Henderson and Clark 1990: 14). The central problem at the time 
concernedd the reliability of cars with different fuels, and this experimental stage can be considered a period of 
competingg core concepts. Once design converged to a fixed set of alleles for core elements (gasoline engines, 
steeringg wheels and metal bodies), the choice of core concepts were no longer subject of dispute, and 
innovationss shifted towards peripheral elements to fine tune very specific functions. As Clark (1985: 243) put it: 
"the"the technical agenda was set for a variety of subsidiary problems and choices. (...) But such things would have 
hadhad no place place on the agenda established by the electric car. There the relevant focus for supporting technology 
wouldwould have included the chemistry of batteries and the parameters of electric motors ". Clark also gives the 
examplee of sequential problem-solving in the history of semiconductors. 
988 I use the concept of design family here even though scaled versions of a dominant design have been termed 
moree often as a trajectory (Nelson and Winter 1977; Dosi 1982; Sahal 1985). For example, incremental 
innovationn in personal computers and mobile telephones has been characterised by a trajectory towards 
miniaturisation.. And, energy technologies such as nuclear power and oil refineries have been characterised by 
ann up-scaling trajectory. The concept of trajectory, however, is limited here as it implies a direction in the 
scalingg of a dominant design. The term design family can be considered more general as a characterisation of 
developmentt in a dominant design as it does not necessarily implies a single direction in innovation. For 
example,, aircraft development after the emergence of the Boeing 707 was followed by several down-scaled 
modelss of the Boeing 727, 737, 757, and 767, and by the up-scaled Boeing 747 (Jane's 1978). The dominant 
designn thus serves as a basic outline for the development of scaled versions of potentially all types. The issue of 
scalingg along technological trajectories based on a dominant design is elaborated in Frenken and Leydesdorff 
(2000)) for aircraft and helicopter technology. This article is included in this thesis as Chapter 7. 
999 Langlois and Robertson (1992) mention the revolutionary architecture of Apple's II computer, which 
containedd eight expansion slots. The technical details were freely available to suppliers of various elements that 
couldd be added, thus triggering innovation by other firms. In this way, users can customise their product design 
byy buying add-ons from different firms. 
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wayy that users can chose a number of alleles for elements themselves, are outsourcing part of 
theirr design activity to users. In this way, users can customise the product more precisely 
accordingg to user-needs without producers having to know what the user needs exactly are 
(Vonn Hippel 2000). Note that the involvement of users in the design of their product requires 
ann architecture of epistatic relations that is such that choices by the users do not interfere with 
functionss optimised by producers. Successful involvement of users will generally require an 
architecturall  innovations which renders a product design decomposable so that users can 
workk out the design of one part of the product without negative effects on the workings of the 
otherr parts of the product designed by producers. 

Importantly,, differentiation within a dominant design is not necessarily restricted to a 
particularr degree of horizontal differentiation with each particular design adapted to specific 
userr groups, but can also involve a particular degree of vertical differentiation with high-
qualityy designs for high-income groups and low-quality designs for lower income groups. 
High-qualityy designs can be easily developed using more expensive alleles for some 
peripherall  elements or by adding extra elements, both to improve particular functions. These 
designss are generally marketed as luxury versions of a more basic design. Similarly, low-
qualityy designs can be easily developed using cheaper alleles for some peripheral elements or 
removingg particular elements leading to low-end versions of the basic design.100 Again, 
productt differentiation is most easily realised by changing, adding, or removing low-
pleiotropyy elements to improve or to reduce product quality in one or very few functions. 
Focusingg on low-pleiotropy elements the change of negative epistatic effects on other 
functionss is minimised. 

Ass explained in Chapter 3, modular innovation and architectural innovation are not 
thee only sources of innovation in complex artefacts. A technology can also be improved by 
incrementall  innovation within an allele, which I defined as incremental innovation in the 
previouss chapter following Henderson and Clark (1990). Incremental innovations within the 
alleless of particular elements thus take place at a lower system level of the technology 
(Metcalfee 1995: 38). These innovations may stem from firms using the allele in particular 
designs,, or in supplying firms that specialise in the production of this allele. 

Followingg our model, one can expect that alleles of core elements are the main subject 
off  incremental innovation for two reasons. First, the alleles of core elements are expected to 
bee used in several designs offered by a single firm as to benefit from economies of scope. 
Incrementall  innovation in the alleles of core elements potentially improves many designs at 
thee same time. Second, alleles of core elements are not expected to be mutated in the short-
runn as the probability of raising fitness by means of mutation in core elements in low. Thus, 
incrementall  innovations in the alleles of core elements can prove to be useful for long periods 
off  time. 

Incrementall  innovations in an allele of a core element reinforce the functionality of 
thesee alleles and hereby reinforce the dominance of the technological paradigm that is based 
onn the alleles of core elements. Typical examples of incremental innovations concern all 
improvementss in gasoline engines that have increased the power and fuel-efficiency of 
gasolinee cars. These improvements in gasoline engines "delay" the introduction of new core 
technologiess based on alternative (sustainable) energy sources as gasoline engines continue to 
improvee the performance of the products in which they are used. 

Thee foregoing discussion also bears implications on the design of technology policy. 
Withinn a dominant design, modular innovation is expected to be restricted to peripheral 

1000 Note that in times of rising real income, differentiation strategies aiming at creating high-quality versions of a 
dominantt design are expected to be more sustainable, as demand for low-quality versions may fade away. 
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elements,, and incremental innovation is expected to be concentrated within the alleles of core 
elements.. The adaptive capacity of a dominant design thus consists of its ability to increase 
itss range of application through modular and incremental innovation. Technology policies 
thatt change selection criteria in an attempt to steer technological development in a way that 
providess room for alternative alleles for core elements, are difficult as "unexpected 
consequences""  can occur (cf. Rip and Kemp 1998). Using one and the same set of alleles of 
coree elements casu quo a single knowledge base, a single firm can develop a large range of 
differentiatedd designs adapted to very specific selection criteria. Changes in selection criteria 
cann thus trigger mutations in peripheral elements to improve a particular function rather than 
mutationss in core elements. 

Beforee concluding this section, it is interesting to note that the emergence of invariant 
alleless of core elements in technologies has a parallel with the emergence of invariant core 
assumptionss in scientific research programs. The similarity justifies the use of the term 
paradigmss in both scientific and technological development. Invariant core assumptions in 
researchh programs are indicative of codification in scientific paradigms (Kuhn 1962) alike 
invariantt core alleles in product families (Dosi 1982, 1988; Martin 1983; Saviotti 1986). Both 
scientificc paradigms and technological paradigms are constituted around a particular stable 
"knowledgee base" regarding the underlying core scientific and technological principles (Dosi 
1988).. The codification of the knowledge base facilitates spill-over of knowledge (Cowan 
andd Foray 1997). 

Thee pleiotropy principle that explains why mutations in technological systems tend to 
bee restricted to peripheral elements, parallels Lakatos' (1970, 1978) image of a "protective 
belt""  of auxiliary assumptions ensuring the continued acceptance of core assumptions of a 
scientificc paradigm. Once a set of core assumptions is established, research concentrates on 
adaptingg auxiliary assumptions to specific empirical settings. According to Lakatos (1970, 
1978),, invariant core assumptions function as a negative heuristic in the sense that research 
shouldd not concentrate on changes in these assumptions. Auxiliary assumptions function as a 
positivee heuristic in the sense that research activity should concentrate on changes in these 
assumptionss to enlarge the scope of application of a paradigm. Similarly, changes in core 
elementss of a technological paradigm tend to be postponed, while changes in peripheral 
elementss of a technology enlarge the scope of application of invariant core elements (cf. Dosi 
1982:: 152, nl6). 

Inn our model, Lakatos' classification of heuristics can be translated in terms of their 
effectt on the relevant design space. A negative heuristic can be defined as a heuristic that 
reducess the number of dimensions of the design space as it indicates in which elements not to 
lookk for solutions (don'ts). Auxiliary assumptions function as a positive heuristic in the sense 
thatt changes in these assumptions enlarge the scope of application of a paradigm (do's). 
Positivee heuristics define the relative design space as they indicate where one should look for 
neww solutions. 

Summarisingg this section, core and periphery in complex systems can be distinguished as 
elementss with high pleiotropy constituting the core and elements with low pleiotropy 
constitutingg the periphery. Using this distinction, I pointed to the importance of economies of 
scopee in addition to economies of scale in explaining patterns in product innovation and 
productt variety. Increasing concentration over the product life-cycle as expressed in a fall in 
thee number of firms in an industry is to be understood as resulting from both a rise in 
economiess of scale and a rise in economies of scope. Only firms that provide a range of 
differentiatedd products based on a common core, are expected to survive as they capitalise on 
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economiess of scope. One thus expects that technical standardisation in core elements is 
accompaniedd by a trend towards product differentiation at the firm level by means of 
mutationss in peripheral elements. Product variety at the firm level is thus expected to 
increase,, while product variety at the industry level is expected to decrease as fewer firms 
producee more and more similar varieties. These expectations will be addressed in empirical 
researchh reported in the next chapter. 

Anotherr line of empirical research, which can be pursued, is to gauge the pleiotropy 
off  elements in systems' architectures on purely technical grounds. Using technical 
informationn on a system's architecture one can try to verify whether indeed the high-
pleiotropyy elements are varied at the start of development and, once selected, remain 
invariantt over long periods of time. This type of analysis is beyond the scope of this study as 
itt requires in-depth knowledge of system's architecture and what changes herein have 
occurredd over time. In the following, the focus is on testing whether a dominant design 
occurredd at all and whether the dominant design co-occurs with changes in the industrial 
structuree of an industry (shake-out) and changes in the product portfolio of firms (more and 
moree similar product varieties). 

4.44 SUMMARY 

Inn this chapter, I started with a discussion of historical examples of dominant designs and a 
revieww of six empirical studies of the product life-cycle. The review of empirical studies led 
mee to conclude that two issues are calling for extensions of the product life-cycle model and 
itss application in empirical research. First, the empirical studies point to an anomaly of the 
productt life-cycle model. In quite some industries, no rapid fall in product innovation is 
observedd as the model predicts. Second, empirical studies are limited in their 
operationalisationn of the product life-cycle model, as they lack an empirical definition of the 
emergencee of a dominant design. 

Inn this chapter, I have taken up the first issue regarding the anomaly of the rate of 
productt innovation over the product life-cycle. Using the generalised NK-model of product 
innovationn in complex artefacts, I showed that when a dominant design emerges, the rate of 
productt innovation does not necessarily fall, but the nature of product innovation is expected 
too change. This can be understood by distinguishing between core elements that affect many 
functionss and peripheral elements that affect few functions. Once core elements are 
standardisedd in a dominant design, innovations can continue in peripheral elements leading to 
neww design variants of the dominant design. A single firm can produce such a "family" of 
designn based on the same core alleles relatively efficiently due to economies of scope. 

Thee second conclusion that was drawn from the review of empirical studies held that 
manyy studies lack an empirical definition of a dominant design. Hitherto, empirical studies 
usedd qualitative evidence of the existence of a dominant design in a particular industry, while 
usingg quantitative data to test for the effects of a dominant design on innovative activity and 
industriall  dynamics. A standardised methodology to indicate a dominant design would 
contributee to the compatibility between different studies. In the next Chapter 5 I wil l take up 
thiss issue by developing an entropy methodology, with which a dominant design can be 
indicatedd using data on product characteristics. I will also illustrate the use of this 
methodologyy by applying the methodology to data on designs incorporated in the aircraft and 
helicopterr products. 
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Chapterr  5 

Entropyy statistics as a framework to analyse technological evolution 

Thee previous chapters addressed product innovation in complex technological system in 
formall  simulation models. In the coming chapters, product innovation is addressed 
empiricallyy using data on technical characteristics and service characteristics of product 
technologies.. The central issue of concern in this chapter holds whether statistical patterns in 
thee evolution of product designs can be understood in the light of the formal models 
discussedd hitherto. 

Thee methodology that will be used is based on entropy statistics. Entropy statistics is 
appliedd to frequency distributions of product characteristics incorporated in the products 
offeredd in an industry. The changes that occur in the distribution of product designs describe 
thee pattern in technological evolution over time. Entropy is a variety measure. The changes in 
entropyy indicate patterns in the evolution of product variety. For example, an evolutionary 
patternn towards increased product standardisation is indicated by a fall in the entropy value 
overr time. When one is able to describe the technological evolution in terms of the degree 
andd nature of variety that occurs over time, one is able to test whether patterns in 
technologicall  evolution corresponds to the predictions that can be derived from the product 
life-cyclee model. 

Thiss chapter is organised as follows. The entropy methodology and how it can be 
appliedd to data on product characteristics is described in Section 5.1. The entropy 
methodologyy is applied to data on technical characteristics of aircraft and helicopter designs 
inn Section 5.2. The following Chapter 6, Chapter 7, and Chapter 8 are introduced in Section 
5.3. 5.3. 

5.11 ENTROPY STATISTICS 

Thee NK-model of complex systems discussed in Chapter 2 and the generalised NK-model of 
productt innovation in complex technological systems developed in Chapter 3 are both based 
onn the concept of design space. A design space is an N-dimensional space containing all 
possiblee combinations between alleles of elements. For each element n there exist An alleles. 
Alleless of elements are coded starting from 0, 1 to A„-l . Each product design can thus be 
codedd as a string of alleles of elements. Each product is thus described by its design s 
containingg alleles sjs2...sN, and is part of a possibility set S, for which holds: 

seS;seS; s= V , . . JW ; s„ e {0,1 ,...,A„ - 1}  (5.1) 

Thee total number of possible combinations between alleles of elements binds the total 
numberr of possible designs in the design space. The size of the design space S is given by: 
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S=AS=ArrAA22-...-A-...-ANN=f\A=f\Ann (5.2) 

Eachh design s is a multidimensional point in this design space. The set of products present in 
ann industry at some point in time is described by the N-dimensional frequency distribution of 
designss incorporated in the products offered in an industry. Following Saviotti (1996), such a 
sett of products wil l be called a "product population". 

Forr example, consider an industry with a product population of a hundred products. 
Eachh product design is described in two dimensions that each contains two alleles, so there 
aree have four possible designs: 00, 01, 10, or 11. Forty-five of the hundred products are 
designedd according to design 00, thirty products according to design 01, fifteen products 
accordingg to design 10, and ten product according to design 11. As a percentage of the total 
numberr of products offered in the industry, design 00 covers 45 percent, design 01 covers 30 
percent,, design 10 covers 25 percent, and design 00 covers 10 percent. The N-dimensional 
(here,, two-dimensional) frequency distribution is: poo=0.45, poi = 0.30, pj0=0.15, 
pupu = 0.10. 

Overr time, technological evolution in products can then be described as the change in 
thee relative frequencies of designs in the population offered in an industry. For example, a 
productt population may evolve from a distribution of product designs with many different 
designss with even frequencies (e.g., poo=0.25, p0i = 0.25, pjo=0.25, pu = 0.25) into a 
distributionn that is dominated by one or few designs with high frequencies {e.g., poo = 0.97, 
poipoi = 0.00, pio = 0.00, pu = 0.03). The market evolves from a high product variety towards 
loww product variety. The pattern of technological evolution can then be characterised by a 
progressivee standardisation, which indicates the emergence of a dominant design (here, 
designn 00). 

Anotherr example of a pattern of technological evolution is one in which there exist 
onee or few designs with high frequencies at the start (e.g., poo =0.97, pQl = 0.00, p/o = 0.00, 
pupu = 0.03) and that progressively proliferates towards a distribution of many different 
designss with even frequencies (e.g., p0o = 0.25, p0i = 0.25, pio=0.25, pu = 0.25). This 
patternn can be described as a pattern of progressive product differentiation in which new 
designn variants are successfully introduced in the market. 

Thee objective of this chapter is to develop an empirical methodology that can describe 
evolutionaryy patterns of technological developments in terms of the changes that occur in 
distributionss of designs in product populations. The main argument made in this chapter holds 
thatthat entropy statistics applied to frequency distributions of product designs can well describe 
thethe evolution of a technology in terms of the changes in the degree and nature of product 
variety.variety. As an indicator of variety the entropy of the distribution of designs can indicate the 
extentt to which a population is characterised by a "dominant design". 

Inn the following, I thus analyse product populations as defined as sets of technological 
artefactss sharing the same design space. In this, the analysis that follows below differs from 
markett analyses that define product populations in terms of the degree of similarity of the 
servicess products provide (e.g. using data on the elasticity of substitution of consumers with 
regardd to different products). The empirical analysis in this study, however, deals with the 
technologicall  evolution of different artefact designs that are all represented in the same 
designn space whatever the differences between different artefacts designs in terms of the level 
off  service characteristics they provide. 
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5.1.11 Entropy as a measure of variety 

Entropyy measures the degree of randomness in a distribution. It is originally developed in 
thermodynamicss where Boltzmann introduced the entropy concept in the context of randomly 
movingg particles (see, e.g., Batten 1983; Prigogine and Stengers 1984; Dyke 1988). Each 
particlee is described by its coordinates in what is called a particle's state space. When many 
particless are randomly moving through state space, like particles of a gas in a box, the resulting 
spatiall  distribution of all particles in what is called "phase space" is flat. The flat distribution 
followss trom the fact that at all times each particle has an equal probability to be present in any 
areaa in the box. The flat distribution in phase space at the macroscopic level indicates 
maximumm randomness in the behaviour of particles in state space at the microscopic level. This 
distributionn is characterised by maximum entropy. 

Whenn particles behave in a non-random way, some areas in me box are filled with more 
particless than other areas, and the resulting distribution at the macroscopic level is skewed. In 
thatt case, the entropy of the distribution is lower compared to the case in which all particles 
movee randomly. In the extreme case when all particles cluster in one area, entropy is lowest. 

Whenn one translates the entropy concept to agents that search for product designs by 
combiningg alleles of different elements, an individual designer "moves around" in design 
spacee by experimenting with different combinations of alleles analogous to particles moving 
aroundd in a state space. A population of designers (firms) moving around in a state space, i.e. 
designn space, makes up a frequency distribution of designs in phase space. 

Inn this case, maximum entropy corresponds to the case in which all designs occur at the 
samee frequency. Such a complete flat distribution occurs when designers would randomly 
"movee around" in design space and randomly choose the alleles of elements. In this 
hypotheticall  case, any product design has an equal probability to occur and the product 
populationn would be one with even frequencies of all designs. This hypothetical case refers to a 
situationn in which designers have not learnt anything about the properties of different designs 
andd simply choose a design at random analogous to randomly moving particles in a box.101 

AA skewed distribution occurs when few of the possible designs are dominating the 
productt population. In that case, the frequency of some designs is high, while the frequency of 
mostt designs is low or zero. Such a distribution has a low entropy value indicating that product 
varietyy is low. In this case, designers have not chosen a design at random, but have somehow 
learnedd what designs are to be preferred, for example, by applying a search strategy in design 
spacee or a search strategy in function space as described in Chapter 2 and Chapter 3. 

Thee entropy measure thus indicates the degree of variety of product designs in a product 
population.. To describe a product population as a frequency distribution of designs, let each 

Inn the biological context, maximum entropy refers to a distribution of genotypes in which each possible 
genotypee has the same frequency in the population. Again, this distribution is hypothetical as it reflects the end 
off  a long series of mutations that lead to a more and more flat distribution of genotypes, while selective pressure 
iss absent (Shpak and Wagner 2000: 32). 

Saviottii  (1988b: 91) proposed the use entropy statistics to measure product variety using data of product 
characteristics.. Frenken et al (1999b, 2000) and Van Herpen and Pieters (2000) actually applied the entropy 
measuree as a measure of product variety using data on product characteristics. Many other applications of 
entropyy in social science have been explored. In economics, entropy is best known as a measure of industrial 
concentrationn as an alternative to the Herfindahl-index (Theil 1967; Zadjenweber 1972; Krehm 1977). Other 
applicationss of entropy statistics include analyses of inequality (Theil 1967) and of input-output tables (Theil 1967; 
Battenn 1983). In sociology, entropy statistics has been applied to racial distributions at different levels of 
aggregationn (Theil 1972). In innovation studies, entropy has been used as a measure of variety in patents and RAD 
expendituree of different technologies (Grupp 1990; Kodama 1990; Carpenter and Temple 1996). In scientometrics, 
Leydesdorff(1991,, 1992,1995) introduced entropy statistics in analyses of word and citation distributions. 
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productt be a string of N alleles in an N-dimensional design space. Each dimension is 
labelledd here as Xn (n=l,..,N) with a total of A„  alleles. Since the first allele of an element is 
labelledd as "0", the second allele as "1 " , et cetera, I label the alleles of the first dimension by 
i=0,l,i=0,l,  ...,(Ai-l), for the second dimension j=0,l,...,(A2-l), et cetera. The frequencies at which 
aa design with alleles ij..,w occurs is denoted by pij...w (where index w stands for the allele of 
thee last Nth element). For example, when twenty percent of all products in a product 
populationn are designed according to string "032001", I h&vtponooi = 0.20. 

Thee entropy of an N-dimensional distribution is given by (Theil 1972: 116, 155): 

Ai- ll  AJ-1 AN-1 t v 

H{XH{Xii,X,X22,...,X,...,XNN)) = -% X - I / W l°8iU..J <5 '3>1M 

1=00 y'* 0 H*=Q 

Throughoutt our analyses, entropy is measured in bits using logarithm two. The entropy 
measuree is an indicator of dispersion in a distribution. The higher the entropy of a 
distribution,, the larger its dispersion. In the context of frequency distributions of designs 
describedd in terms of alleles, entropy can be considered as an indicator of product variety.105 

Entropyy is zero when all products present in the population are designed in exactly the 
samee way, i.e., when all products share the same alleles for all elements. This design has 
frequencyy one and all other designs have zero frequency, thus: 

#„u„„  (*. , * 2 . • ••. X») = " 1 • log* (1) = 0 (5.4) 

Entropyy is positive otherwise. The larger the entropy value, the larger the product variety in a 
frequencyy distribution of designs. The maximum entropy is limited by the size of design 
spacee S. When all S possible combinations of alleles have an equal frequency, one obtains for 
alll designs py...w = 1/S. The entropy of this distribution equals: 

w __ ( JT, , jr,.... . JT. ) — s  (1)  log, ( i )— log, ) = log, <s> (5.5) 

Thiss value is the maximum possible entropy value for a distribution of products designs with 
aa design space of S possible designs (Theil 1972: 6).106 

1033 Note that dimensions in design space can be taken in a broader sense than in the sense of components. Any 
technicall dimension along which designs can differ, can be taken into account in design space. For example, the 
numberr of engines can also taken as a dimension with allele 0 = "one engine", 1 = "two engines", et cetera. 
1044 0 • log2 0 • 0. 
1055 In a study on changes in the degree of standardisation of nuclear power stations in the United States and 
France,, David and Rothwell (1994b) calculate Herfindal indexes to inidicate standardization for each subsystem. 
Herfindahll measures can be used for indicating standardisation in the same way as the uni-dimensional entropy 
measuree (formula 5.6). Their study differs from the analysis below in that they summed the uni-dimensional 
Herfindahll index using a "performance-weights" for each subsystem, whereas the present study uses multi
dimensionall entropy (formula 5.3). The performance-weights were calculated from the estimated likelihoods of 
aa plant experiencing a forced outage due to an identified malfunction of in the sub-system in question. 
' ^^ Since maximum entropy equals the logarithm of the size of the design space, it holds that for a linear increase 
inn the size of the design space, maximum entropy increases logarithmically. This property reflects that the 
higherr the existing maximum possible variety in a population, the smaller the marginal increase in maximum 
entropyy caused by the addition of an extra possibility in the state space (i.e. design space). This property of the 
entropyy formula reflects the idea that variety is not a linear function of the number of possible states. The 
additionn of a new possible design always increases maximum possible variety, but decreasingly so. 
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Forr N-dimensional distributions, one can also measure the entropy for each dimension 
separatelyy on the basis of the marginal frequencies. The uni-dimensional or marginal entropy 
valuess indicate the variety in a product population with respect to one design dimension only, 
andd is given by: 

H(XH(Xll)) = -YtPi -log, (ft ) (5-6.1) 
j = 0 0 

H(XH(X22)) = -Ydp^\og2{p^) (5.6.2) 

AN-1 1 

H{XH{Xss)) = -Y4p^-\og1(p J (5.6.3) 
=0 0 

Boxx 5-1 gives examples of frequency distributions of product designs with minimum, 
intermediatee and maximum entropy for a design space with two elements and two alleles 
(N=2,(N=2, A„=2).  The first distribution is completely dominated by one design with relative 
frequencyy equal to one. This distribution of designs is characterised by minimum entropy and 
minimumm product variety. The second distribution is characterised by a skewed distribution 
inn which all possible designs occur, but at different frequencies. This distribution is 
characterisedd by intermediate entropy and intermediate variety. In the third distribution, all 
fourr possible designs have equal frequency. This distribution of designs is characterised by 
maximumm entropy and maximum product variety. 

Summarising,, entropy indicates the variety of product designs in a product 
population.. When all products are designed according to one and the same design, entropy 
equalss zero. When all possible product designs occur at even frequencies in a product 
population,, entropy is maximum equalling log2 (S). Any other distribution of designs in a 
productt population has an entropy value between zero and log2 (S). 

5.1.22 Mutual information as a measure of dependence 

Thee measure that indicates the degree of dependence between different dimensions of a 
frequencyy distribution is the measure of mutual information T. The N-dimensional mutual 
informationn is given by (Theil 1972: 126, 155): 

Ai- ll  Ai-1 AN-! f 

T(XT(Xll,X,X22,...,X,...,XNN)=Y)=Ydd £...£>*..*'log2 
1=00 /=0 tv=0 

P». P». 

PiPi  Pj..--P w j 
(5.7) ) 

inn bits. 
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CaseCase 1: Minimum entropy 

Frequencies:pooFrequencies:poo = 1.0, p0i = 0.0, p10 = 0.0, pn = 0.0 
MarginalMarginal frequencies: p0. = 1.0, pt = 0.0, p,0 = 1.0, p,= 0.0 

H(X,.Xz)H(X,.Xz) = -l{l-  log,(1)} = 0bits 
H(Xj)H(Xj)  log, (l)}  = 0 bits 
H(XJH(XJ = - l { l  log; (1)} = 0 bits 

CaseCase 2 .'Intermediate entropy 

Frequencies:pooFrequencies:poo =0.45, poi = 0.30, p>0= 0.15, pu = 0.10 
MarginalMarginal frequencies: p0. = 0.75, pi, = 0.25, p,0 =0.60, p j = 0.40 

H(X,H(X, Jij = - {0.45  log, (0.45)} - {0.3  log, (0.3)} - {0.15  log2 (0.15)} - {0.1  log2 (0.1)} = 1.78 bits 
H(Xj)H(Xj) = - {0.75  log2 (0- 75)} - {0.25  log2 (0.25)} =0.81 bits 
H(XJH(XJ =-{0.6- log: (0.6)} -{0.4- log; (0.4)} = 0.97 bits 

CaseCase 3: Maximum entropy 

Frequencies:Frequencies: poo = 0.25, p0, = 0.25, p,0 = 0.25 , p,, = 0.25 
MarginalMarginal frequencies: p0. = 0.50, pi = 0.50, p0 = 0.50, p / = 0.50 

H(X,H(X, ,XJ =-4- {0.25  log: (0.25) } = 2.00 bits 
H(X,)H(X,) =-2 {0.5- log,'(0.5)} = 1.00bits 
H(XJH(XJ =-2-{0.5- log: (0.5) } = 1.00 bits 

Boxx 5-1: Entropy values of three example distributions 

Thee mutual information value T only applies to multi-dimensional frequency 
distributionss as it is a dependence measure. The measure indicates the extent to which alleles 
alongg different dimensions are co-occurring in products. The mutual information value equals 
zeroo when there is exist no dependence between any of the dimensions. In that case, the joint 
frequencyfrequency of alleles of elements pi},._w corresponds exactly to the frequency that could be 
expectedd from the product of the marginal frequencies (pt-Pj-...-pw). When the product of 
marginall  frequencies does not correspond to the joint frequency, there is dependence between 
dimensionss and T takes on a positive value. The less the product of marginal frequencies 
correspondss to the joint frequency, the higher the value T. 

Thee mutual information measure directly relates to the concept of entropy as the 
mutuall  information of a distribution can be derived from the multi-dimensional and marginal 
entropyy values. It has been shown that the mutual information of a multi-dimensional 
distributionn equals the sum of the marginal entropy values minus the multi-dimensional 
entropyy value (Sahal 1979: 129; Theil and Fiebig 1994: 12), i.e.: 

(( N \ 
T{X„XT{X„X 22,...,X,...,XNN)=)=  Y^H{Xn) - H(XltX2t...tXN) (5.8) 
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Fromm this equation, it is readily derived that the mutual information is always zero when the 
multi-dimensionall  entropy is zero. As derived in equation (5.4), multi-dimensional entropy is 
zeroo when one design occurs with frequency one implying that the alleles incorporated in this 
designn also occur with frequency one. The sum of marginal entropy values equals zero, 
implyingg that mutual information equals zero: 

T(XT(X11,X,X22,...,X,...,XNN)) = £ / / ( * „ ) - H(XX,X2,...,XN) 

TT (XifX2,..., XN) — 
((NN "\ 
£ - l l o g 2 ( l )) -- lk>g2( l ) = 0 + 0 = 0 

Putt differently, when there is no variation along dimensions, there cannot be dependence 
betweenn dimensions. 

Itt can also be derived that the mutual information is always zero when the multi-
dimensionall  entropy is maximum. As derived in equation (5.5), entropy is maximum when 
alll  possible designs in design space have an equal frequency 1/S. In that case, the alleles 
alongg each dimension also have an equal frequency with marginal frequencies equal to 1/A„  . 
Mutuall  information becomes: 

fu fu 
TT (Xj,X2,..., XN) — Zmx.) Zmx.) 

\\nn=i =i 

- HH (Xt ,X2 > XN) 

T(XT(Xll,X,X22,...,...iiXXNN)=)=  m ° g 2 ( 4) -log2(<7) 

T{X„XT{X„X 22,...,X,...,XNN)=\o)=\o%2%2(A(Arr..,A..,ANN)-\og)-\og22(s) (s) 

r ( * , , * 2 , . . . , *A , )) = Iog2(s)-log2(s)=0 

Inn the following, I will apply the mutual information measure not only to the N-dimensional 
frequencyfrequency distribution, but also to each of the two-dimensional frequency distributions that 
cann be derived from the N-dimensional frequency distribution. The number of T-values of 
two-dimensionall  frequency distributions is bounded by the number of pairs of design 
dimensions.1077 For example, when N=3, one can compute three two-dimensional mutual 
informationn values (see also, Frenken 2000: 263-264, included in the study as Chapter 8): 

Thee number  of two-dimensional distribution s that can be derived from an N-dimensional distributio n equals 
'A(N--N). 'A(N--N). 
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Ai-11 AJ-1 

T(XT(Xii,X,X22)=Y)=Ydd £ / . , .  log, 
i-OO j-O 

rr p, A 

{Pi.-P.jj {Pi.-P.jj 

At- ]]  A3-I 

T(XT(XififXX33)=)=  £ XA, ' log2 
;=oo *-o 

'' P, ^ 

\Pi..-P.Jk \Pi..-P.Jk 

A2-IA2-I  AJ-1 

r(* 2,;r3)) = X £ƒ».*• log, 
>oo  *=0 

/>.;* * 

L P J . ' P J J J 

Thee T-values for two-dimensional distributions indicate the dependence between two design 
dimensionss and are informative with regard to the importance of epistatic relations. A high 
mutuall information between two dimensions suggests that an important epistatic relation 
existss between the two dimensions, since designers offer predominantly alleles in particular 
combinations.. These combinations reflect complementarities between alleles. For example, 
whenn gasoline engines would exclusively be used in metal cars and electric engines in plastic 
cars,, mutual information between the engine and the material dimensions would be high.108 

Too illustrate the N-dimensional and two-dimensional mutual information measure, 
considerr the example in Box 5-2 of two frequency distributions with equal entropy but 
differentt mutual information. In the first population mutual information is zero while in the 
secondd population mutual information is high. The six mutual information values for the two-
dimensionall distributions indicate along which dimensions dependence is present. The 
examplee shows that strong dependence exists between the first and second dimension, the 
firstt and third dimension, and the second and third dimension. Allele "0" in the first 
dimensionn (i=0), allele "0" in the second dimension (j=0) and allele "0" in the third 
dimensionn (k=0) always co-occur. And, allele " 1 " in the first dimension (i=l),  allele " 1 " in 
thee second dimension (j-1) and allele " 1 " in the third dimension (&=/) always co-occur. 

Ass mutual information measures the extent in which alleles along dimensions are co-
occurringg in products, it is a measure that indicates clusters of alleles. In the example of the 
firstt frequency distribution in Box 5-2, there are no multiple clusters as all designs are 
derivedd from a common core 00##.109 The variation is limited to the third and fourth 
dimension,, and this variation exactly corresponds to what is expected from the marginal 
frequencies.. This distribution is an example of a dominant design that can be characterised as 
designn 00## since these alleles always occur in products. The other designs are derived from 
thiss dominant design by mutations in the third element and the fourth element. 

Byy contrast, in the example of the second frequency distribution in Box 5-2, all 
designss are either derived from either cluster 000# or from cluster 111#. Within each cluster, 
variationss are limited to mutations in the fourth dimension. In this case, one can speak of two 
dominantt designs, one characterised by 000# and one by 111#. This clustering of designs is 
indicatedd by the high value for mutual information of this distribution. 

1088 Two-dimensional mutual information measurements have also been used in other contexts to analyse the 
dependencee structure between pairs of elements in a complex system, for example in a model of cellular 
automataa (Langton 1990) and in a model of auto-catalytic networks (Ulanowicz 1996). 
1099 Symbol # stands again for any allele as in Chapter 2. 
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CaseCase 1: low mutual Information 

Distribution:Distribution: poooo = 0.45, pax» = 0.30, pooio =0.15 =0.15 , poon = 0.10 

H(X,,X,,XH(X,,X,,X33,X,X44)) = - {0.45  log2 (0.45)} - {0.3  log, (0.3)} - {0.15  log2 (0.15)} - {0.1 • log! (0.1)} = 1.78 bits 
T(X,,XT(X,,X22JCJC33,X,X44)) = {0.45 • log,(0.45/(1-10.750.6))} + {0.3  log2(0.3/(11 0.750.4))} + 
{0.15{0.15  log2 (0.15/(110.250.6))} + {0.1  log2 (0.1 /(110.250.4))} = Obit 

T(X,T(X, J(,J  log2 (If (11))}+ 0 + 0 + 0 = 0 bit 
T(X,,T(X,, Xs) = {0.75  log2(0.751(10.75))} + {0.25  log2 (0.25/(10.25))} + 0 + O = 0bit 
T(X,,XT(X,,X44)) = {0.6 log,'(0.6/(10.6))} + {0.4  log,(0.4/(10.4))} + 0 + 0 = Obit 
T(X,,XT(X,,X}})) = {0.75  log2(0.751(10.75))} + {0.25  log2(0.25/(10.25))} + 0 + 0 = Obit 
T(X,,XT(X,,X44)) = {0.6 • log,'(0.6/(10.6))} + {0.4  log2 (0.4/(10.4))} + 0 + 0 = Obit 
T(XT(X33,X,X44)) = {0.45  log2(0.45/(I10.750.6))} + {0.3  log2(0.3/(110.750.4))} + 

{0.15{0.15  log2 (0.15/(1-10.250.6))} + {0.1- log2 (0.1 /(110.250.4))} = Obit 

Case 2:Case 2: high mutual information 

Distribution:poooo=Distribution:poooo= 0.45, poooi = 0.30, pu10
= 0.15, pJin = 0.1 

H(X,,X,,XH(X,,X,,X33,X,X44)) = - {0.45  log, (0.45)} - {0.3  log, (0.3)} - {015  log2 (0.15)} - {0.1  log2 (0.1)} = 1.78bits 
T(X,,X,,XT(X,,X,,X33,X,X44)) = {0.45  log,(0.451(0.750.750.75 0.6))} + {0.3  log2(0.3/(0.750.750.750.4))} + 

{0.15{0.15  log, (0.15/(0.250.250.250.6))} + {0.1  log, (0.1 / (0.250.25 0.250.4))} = 1.62 
bits bits 

T(X,T(X, ,Ay = {0.75  log, (0.75 / (0.750.75))} + {0.25  log2 (0.25 / (0.250.25))} + 0 + 0 = 0.81 bit 
T(X,,T(X,, Xj) = {0.75  log, (0.75 / (0.750.75))} + {0.25  log, (0.25 / (0.25 0.25))} + 0 + 0 = 0.81 bit 
T(X,,XT(X,,X44)) = {0.45  log, (0.45 /(0.750.6))} + {0.3  log2 (0.3 / (0.750.4))} + 

{0.15{0.15  log,(0.15/(0.250.6))} + {0.1  log,(0.1/(0.250.4))} = Obit 
T(X,,XT(X,,X33)) = {0.75  log, (0.75 / (0.750.75))} + {0.25 • log, (0.25 / (0.250.25))} +0 + 0 = 0.8 J bit 
T(X,,XT(X,,X44)) = {0.45  log, (0.45 / (0.750.6))} + {0.3  log2 (0.3/(0.750.4))} + 

{0.15{0.15 log,(0.15/(0.250.6))} + {0.1  log,(0.1 /(0.250.4))} = Obit 
T(XT(X33,X,X44)) = {0.45  log, (0.45/(0.750.6))} + {0.3  log, (0.3 / (0.750.4))} + 

{0.15-{0.15- log,(0.15/(0.250.6))} + {0.1  log,(0.1 /(0.250.4))} = 0bit 

Boxx 5-2: mutual information values of two example distributions with same entropy value 

Howw does the mutual information measure relate to the model of product innovation 
inn complex systems as developed in Chapter 3 and Chapter 4 ? Following the model, the 
existencee of clusters of alleles indicates product differentiation resulting from epistatic 
relationss between the functioning of alleles. Clusters of designs are expected to reflect local 
optimaa in design space as the co-occurrence of alleles indicates complementarity between 
dimensions.. In this specific example, complementarities casu quo epistatic relations are 
limitedd to combinations of alleles in the first, second, and third dimension, while the fourth 
dimensionn shows no dependence with other dimensions. 

Summarising,, entropy indicates the degree of product variety in a product population 
andd mutual information indicates the nature of product variety. A low mutual information 
valuee indicates that the variety in product designs is predominantly derived from one cluster 
off alleles as clustering between alleles is low ("a dominant design"). A high value indicates 
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thatt the variety in product designs is predominantly derived from different cores as different 
clusterss of alleles are indicated. The existence of clusters reflects the existence of epistatic 
relationss between elements that render different combinations of alleles optimal for different 
userr groups. 

5.1.33 Average disaggregated entropy 

Thee entropy can be calculated of frequency distributions at any level of aggregation. 
Disaggregationn of a distribution into several sub-distributions using a grouping variable 
allowss one to measure the extent to which entropy disappears at the group-level. In the 
contextt of the technological evolution of a product population, a particular relevant grouping 
variablee is the firm that offers the product on a market. This grouping allows one to address 
questionss related to specialisation patterns of forms along different technological trajectories. 

Thiss disaggregation of the entropy of a distribution into entropy values of several sub-
populationss informs one about the degree of specialisation. The extreme degree of 
specialisationn occurs when each firm would offer products that are based on one firm-specific 
designn and each firm would use a different design. The entropy of each sub-population of 
productss at each firm level would then be zero and the entropy of the whole product 
populationn would be positive. This example reflects a situation in which each firm is 
perfectlyy specialised in one design. 

Too measure the entropy of a distribution of designs that is incorporated in products 
offeredd by a single firm b, one obtains for the entropy value of the distribution at the level of 
thee firm è(Theil 1972): 

A.-II  A2-l AN-1 n f D \ 

HH bb(X„X(X„X 22,...,X,...,XNN)) = -^ X - - Z ^^ - l og 2 ?m (5.9) 
,=00 7=0 w=0 P..J, V P b J 

wherewhere pij ,wb stands for the relative frequency of products with design py...w offered by firm b 
inn the whole product population, and p.j, stands for the relative frequency of all products 
offeredd by firm b. The value for/? ^ can be derived from the frequenciespy..,wb as follows: 

Ai- ll  AJ-1 AN-1 

i=00 y=0 w=0 

Whenn there is a total of B firms in an industry (b=l,...,B), the average entropy of designs at 
thee level of B firms is derived by the weighted sum of entropy values at the firm level. The 
weightss are based on the firms' relative share of products in the total population of products 
(Theill  1972: 19). The average firm entropy is then given by: 

H(X„XH(X„X 22,...,X,...,XNN)) = fipJb-Hb{XltX2t...,XN) (5.11) 

inn bits where p.j, stands for the relative number of products offered by firm b in the total 
productt population offered at the level of the industry. 
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Thee difference between the total industry entropy and the average firm entropy 
informss one about the degree of specialisation among firms within an industry. Two extreme 
casess can be distinguished. There is of maximum specialisation when each firm offers only 
onee variety of product designs, and there is the case of minimum specialisation when each 
firmm offers the same variety of product designs. All other cases lie in between the two 
extremee cases of maximum and minimum specialisation. 

Inn the case of maximum specialisation when each firm would offer products that are 
alll  based on one design, then the entropy of distributions of designs at each firm level Hb 
wouldd equal zero for all firms. Consequently, average firm entropy would equal zero and 
technologicall  specialisation would be maximum. 

Reversibly,, in the case of minimum specialisation when each firm would offer the 
samee variety of product designs, the frequencies of designs at the firm level would exactly 
correspondd to the frequencies at the industry level. Then, the entropy of distributions of 
designss at each firm level Hb would equal the industry entropy H. Consequently, the average 
firmm entropy equals the industry entropy. This situation is one of total absence of 
technologicall  specialisation among firms since all firms offer the same distribution of designs 
ass the distribution of designs at the industry level. 

Thee average entropy at the firm level can thus be considered an inverse measure of 
thee degree of specialisation of firms. The lower the average entropy at the firm level the 
higherr the degree of specialisation among firms, and the higher the average entropy at the 
firmm the lower the degree of specialisation among firms.110 

Itt can be shown that the average entropy of firms cannot exceed the total entropy of 
thee product population as a whole (Theil 1972: 65). And, since the average entropy of firms 
hass a minimum possible value of zero, one can express the average entropy at the firm level 
ass a percentage of total entropy value of the product population at the industry level. This 
relativee measure normalises the average firm entropy for changes in the total entropy value as 
thee maximum possible average entropy at the firm level is bounded by the entropy at the 
industryy level. 

Inn Box 5-3, two examples are given of distributions of designs at firm levels for 
differentt degrees of specialisation. In the first case, specialisation is low as all firms offer a 
distributionn of products designs that is very similar to the overall distribution at the industry 
level.. The low degree of specialisation is indicated by the high value for average firm entropy 
ass a percentage of total industry entropy (over 98 percent). Thus, all firms approximately 
offerr the same distribution of designs as the distribution at the industry level. 

Inn the second case, specialisation is high, as the distributions of designs at the firm 
levelss differ considerably from the distribution of designs at the industry level. All firms offer 
productss that are based on only one or two specific product designs. The high degree of 
specialisationn is indicated by the low value for average firm entropy as a percentage of total 
industryy entropy (below 22 percent). Thus, firms are highly specialised in offering products 
withh specific designs. 

Inn a similar way, Theil (1972) used the disaggregation measure to measure to what extent racial variety in a 
city,, as expressed by the entropy value of a racial distribution, disappears when one disaggregates at the level of 
districts.. The lower the average entropy at the district level, the less racial variety at the level of districts. In the 
samee way, Theil (1972) measured to what extent average entropy is falling when entropy at the district level is 
disaggregatedd at the school level. 
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Considerr an industry in which a hundred products are offered with a frequency distribution of product designs: 
PooPoo = 0.4, poi = 0.3, pio = 0.2, p,i = 0.1. Entropy equals: H (X, ,X ,X22)) = 1.85 bits. There are four  firms present 
inn the industry. Firm 1 offers 40 products and the other firms offer 20 products each. 

CaseCase 1: low degree of specialisation 

Firmm 1 offers 13 products "00", 15 products "01", 8 products "10" and 4 products "11": 
H,H, (X,.X,) = 0.13/0.4 log2 (0.13/0.4) + 0.15/0.4 log2 (0.15/0.4) + 

0.08/0.40.08/0.4 log2 (0.08/0.4) + 0.04/0.4 log2 (0.04/0.4) = 1.85 bits 

Firmm 2 offers 9 products "00", 5 products "01", 4 products "10" and 2 products "11" 
H,H, (X, ,X.) = 0.09/0.2 log2 (0.09/0.2) + 0.05/0.2 log2 (0.05/0.2) + 

0.04/0.20.04/0.2 log2 (0.04/0.2) + 0.02/0.2 log2 (0.02/0.2) = 1.81 bits 

Firmm 3 offers 9 products "00", 5 products "01", 4 products "10" and 2 products "11" 
HH}}  (X,,X2) = 0.09/0.2 log2 (0.09/0.2) + 0.05/0.2 log2 (0.05/0.2) + 

0.04/0.20.04/0.2 log2 (0.04/0.2) + 0.02/0.2 log, (0.02/0.2) = 1.81 bits 

Firmm 4 offers 9 products "00", 5 products "01", 4 products "10" and 2 products "11" 
HH44 (X, ,X2) = 0.09/0.2 log2 (0.09/0.2) + 0.05/0.2 log2 (0.05/0.2) + 

0.04/0.20.04/0.2 log2 (0.04/0.2) + 0.02/0.2 !og2 (0.02/0.2) = 1.81 bits 

H(XH(X11,X,X22)=)=  (0.4 -1.85) + (0.2 • 1.81) + (0.2 • 1.81) + (0.2 • 1.81) = 1.83 bits 

^ H n ü .. ioo%  = — -100%  = 98.9% 
H(XH(XltltXX22)) 1.85 

CaseCase 2: high degree of specialisation 

Firmm 1 offers solely 40 products "00" 
HiHi  (X, ,X2) = 0.4/0.4 log2 (0.4/0.4) + 0+0 + 0 = 0 bits 

Firmm 2 offers 10 products "01" and 10 products "11" 
HH22 (X, ,X2) = 0 + 0.1/0.2 log2 (0.1/0.2) + 0 + 0.1/0.2 log2 (0.1/0.2)= 1.00 bit 

Firmm 3 offers solely 20 products "01" 
HiHi  (X, ,X2) = 0 + 0.2/0.2 log2 (0.2/0.2) + 0 + 0 =0 bits 

Firmm 4 offers 10 products "10" and 10 products "11" 
HH44 (X,,X2) = 0+0 + 0.1/0.2 log2 (0.1/0.2) + 0.1/0.2 log2 (0.1/0.2) = 1.00 bit 

H(XH(Xyy,X,X22)=)=  (0.4 • 0) + (0.2 • 1.00) + (0.2 • 0) + (0.2 • 1.00) = 0.40 bits 

" < * " * • >> . 1 0 0 % .M . 1 0 0 % . 2 l . 6 H 
H(X„XH(X„X 22)) 1.85 

Boxx 5-3: Two cases of average entropy of the same distributio n at the industry level 
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5.1.44 Relating changes in mutual information with changes in average entropy 

Ass discussed in the previous section, a dominant design is indicated when the entropy of a 
distributionn falls and the mutual information falls. Only when the fall in entropy is observed 
jointlyy with a fall in mutual information, can the fall in entropy be attributed to the emergence 
off  one dominant cluster of alleles present in the product population. In that case, the 
remainingg product variety is based on variations of a dominant design, instead on variations 
inn multiple clusters of designs. In the previous section, it was also shown how one can 
indicatee the degree of specialisation by means of disaggregation of entropy at the firm level. 
TheThe question now becomes what changes one expects in the degree of specialisation when a 
dominantdominant design emerges at the industry level? 

Fromm the discussion of economies of scope in Chapter 4, it is expected mat a fall in 
mutuall  information is related to a fall in the degree of specialisation among firms. When all 
firmsfirms follow a dominant design, they are expected to come up with the similar varieties of the 
dominantt design as to exploit economies of scope. By contrast, when mutual information is 
rising,rising, product variety is increasingly based on the existence of multiple clusters of designs. 
Inn that case, economies of scope arise only from variations within each cluster, and firms are 
expectedd to specialise their product offering on one cluster of designs that are based on one 
knowledgee base. 

Thiss hypothesis can be further illustrated by going back to the example in Box 5-2 of 
twoo product populations with the same entropy value, but a different mutual information 
value.. In the case of the first frequency distribution in Box 5-2, mutual information is absent. 
Sincee all designs are based on a single dominant 00## design economies of scope is expected 
too be realised in the production of all four designs, since they are based on a single set of core 
alleless 00##. Therefore, a firm that offers products of all four designs is expected to incur less 
costt per design than a firm specialised on offering products that are based on a single design, 
i.e.: : 

CC (0000,0001,0010,0011) < C (0000) + C (0001) + C (0010) + C (0011) 

Forr the second frequency distribution in Box 5-2, it isf unlikely that economies of scope can 
bee realised in the production of all four designs, since the four designs are not based on the 
samee core alleles. Variation exists in all four dimensions. However, this does not mean that 
onee should expect four different firms to specialise in one of the four different designs. As 
explainedd above, one can distinguish in this example between two "dominant designs", one 
basedd on 000# and one based on 111#. Economies of scope are then expected for the 
productionn of the two pairs of designs that are based on one of the two knowledge bases, i.e.: 

CC (0000,0001) < C (0000) + C (0001) 

and, , 

cc (iiio,ini)<c(iiio ) + c(ni i) 

Fromm this discussion, one can conclude that specialisation is expected to increase when the 
numberr of design families increases. And, since mutual information indicates the degree in 
whichh a product population is clustered in design families, one expects an increase (decrease) 
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inn mutual information to go hand in hand with an increase (decrease) in the degree of 
specialisationn among firms. 

5.22 EMPIRICA L ANALYSI S OF AIRCRAF T AND HELICOPTE R EVOLUTIO N 

Thee entropy measure, the mutual information measure, and the average firm entropy measure 
providee one with three measurements to describe the evolution of a distribution of designs in 
ann industry. As it is argued in this section, the three measures will prove sufficient to 
characterisee the product life-cycle of a product technology in terms of changes in the degree 
andd nature of product variety. To illustrate the entropy methodology, it is applied in this 
chapterr to data on technical characteristics on the alleles incorporated in product models of 
aircraftt and helicopters. The measurements show the pattern in product variety over time and 
indicatee whether a dominant design emerged. The application to two technologies does not 
alloww me to draw general conclusions from the results, but only specific conclusions 
regardingg the industries in question. When applied to data on a large number of other 
technologies,, the entropy methodology can be used to test the validity of the product life-
cyclee model in general. Such a larger research program is further discussed in Section 9.5 in 
thiss study. 

5.2.11 Data1" 

Thee data concern the alleles of six technical characteristics incorporated in aircraft designs 
introducedd in the period 1913-1984 and the alleles of five technical characteristics 
incorporatedd in helicopter designs introduced in the period 1940-1983. The technical 
characteristicss of aircraft designs concern engine type, number of engines, wing type, number 
off  wings, number of tails, and number of booms. The technical characteristics of helicopter 
designss concern engine type, number of engines, number of blades, number of shafts, and 
numberr of rotors per shaft. The dimensions of technical characteristics and alleles are listed 
inn Table 5-1 for the data on aircraft and in Table 5-2 for the data on helicopters. The data of 
thesee dimensions have been complied for a sample of 731 aircraft models and a sample of 
1444 helicopter models. The data have been compiled from Jane's (1978, 1989) encyclopaedia 
onn aviation, which are known to be among the most comprehensive encyclopaedia of 
aviation."2 2 

Apartt from the data on technical characteristics, the data on service characteristics 
suchh as speed and range are also available. These data are used in empirical analyses in the 
followingg Chapter 6, in which the trends in variety in technical characteristics is related to 
trendss in variety in service characteristics. The analyses in Chapter 6 thus relate the 
technologicall  evolution in design space to the dynamics of product differentiation in function 
space.. In this chapter, I concentrate on the evolution of variety in technological 
characteristicss space only. 

Partt of the data used in this chapter has been collected in a previous project funded by the ESRC (Saviotti 
andd Bowman 1984; Saviotti and Trickett 1992; Saviotti 1996). 

Thee data on the six technical characteristics of aircraft and the five technical characteristics of helicopters are 
thee same as those used in Frenken et al. (1999b), which is included in this thesis as Chapter 6. 
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AIRCRAF T T 

Numberr of observations: 731 
Timee span: 1913-1984 

Sources: : 

Jane'ss (1978) Jane's Encyclopedia of Aviation (London: Jane's Publishing 
Company)) Jane's (1989) Jane's Encyclopedia of Aviation (London: Studio Editions) 

Dimensionss and alleles: 

Xii  Engine type 
Aii  = 5 0 piston-propeller, 1 turboprop, 2 jet, 3 turbofan, 4 rocket 

X22 Number  of engines 
A22 = 7 0 one, 1 two, 2 three, 3 four, 4 six, 5 eight, 6 twelve 

X33 Wing type 
A33 = 4 0 straight, 1 delta, 2 swept, 3 variable swept 

X44 Number of wings 
A44 = 3 0 monoplane, 1 biplane, 2 triplane 

Xss Number  of tails 
A55 = 2 0 one, 1 two 

X«« Number of booms 
AÖÖ = 3 0 one, 1 two, 2 three 

Tablee 5-1: Dimensions and alleles for data on aircraft and helicopter designs 
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HELICOPTER S S 

Numberr of observations: 144 
Timee span: 1940-1983 

Sources: : 

Jane'ss (1978) Jane's Encyclopedia of Aviation (London: Jane's Publishing 
Company)) Jane's (1989) Jane's Encyclopedia of Aviation (London: Studio Editions) 

Dimensionss and alleles: 

Xi i 

A,, = 5 

x2 2 
A22 = 3 

x3 3 
A 3=7 7 

X4 4 
A44 = 2 

X5 5 

A55 = 2 

Enginee type 
00 piston, 1 piston turbo, 2 ramjet, 3 gas generator, 4 turboshaft 

Numberr  of engines 
00 one, 1 two, 2 three 

Numberr  of blades 
00 two, 1 three, 2 four, 3 five, 4 six, 5 seven, 7 eight 

Numberr  of shafts 
00 one, 1 two 

Numberr  of rotors per  shaft 
00 one, 1 two 

Tablee 5-2: Dimensions and alleles for data on aircraft and helicopter designs 
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Thee dimensions of technical characteristics that are taken into account in the data on 
aircraftt and helicopters obviously cover only a sub-set of technical characteristics that can be 
consideredd relevant in the evolution of aircraft and helicopter technology. For example, 
regardingg aircraft, the type of material, the type of landing-gear, and the type of nose could 
nott be used in the following analyses for reasons of data availability. Though these 
characteristicss and other are relevant to the understanding of aircraft history, these were only 
availablee for very few of the 731 aircraft models for which the six included characteristics 
weree available. Similarly, technical characteristics other than the five dimensions included in 
thee database on helicopter models, were only available for few of the 144 helicopter models, 
andd could therefore not be used in the following analyses. The selection of technical 
characteristicss has thus been based on an attempt to optimise the trade-off between the size of 
thee sample and the number of characteristics. 

Eachh product model has been coded as a string of alleles. For each dimension n, 
alleless are coded starting from 0 up to A„ . The size of the design space of possible aircraft 
designss that is covered by the data equals 5 7 - 4 - 3 - 2 - 3 = 2 5 20 designs, and the size of 
thee design space of possible helicopter designs is covered by the data equals 
55 • 3 • 7 • 2 • 2 = 420 designs. 

Thee distributions of product designs that are used to measure entropy and mutual 
informationn at particular moments in time, are not the yearly distributions of product designs. 
AA yearly distribution is too small a time-span as aircraft and helicopters designs are typically 
productss that remain on offer for many years after their introduction. I used moving ten-year 
distributions,, but the entropy calculations for five-year and fifteen year distributions yielded 
thee same trends as in the results based on ten-year distributions discussed below. 

Thee results in the figures below are shown per year, where each year stands for a ten-
yearr period. A year corresponds to the first year of a ten-year period. Thus, the year 1913 
standss for the distribution of designs introduced between 1913 and 1922, the year 1914 stands 
forr the entropy of the distribution of product designs introduced between 1914 and 1923, et 
cetera. cetera. 

5.2.33 Results on entropy and mutual information 

Entropyy values and mutual information values were computed using the distributions of 
productt designs in all products introduced during a ten-year period. The results on entropy 
andd mutual information for aircraft are given in Figure 5-1-1 and for helicopters in Figure 5-
1-2.. The trends are quite different for the two different technologies, with entropy and mutual 
informationn rising for aircraft and, after an initial rise, falling for helicopters. The result show 
thatt product variety in designs in aircraft has been steadily risen up to the 1950s, while 
productt variety in product designs in helicopters has been falling after an initial period of 
risingrising variety. 

Startingg with analysing the patterns of technological evolution of helicopters, one may 
concludee that the results on entropy and mutual information on helicopter distributions 
indicatee the emergence of a dominant design. The entropy has fallen from the 1955 onwards 
showingg that product variety in product designs has fallen after an initial rise. The value for 
mutuall information peaked earlier in 1949 and also shows a declining trend hereafter. The 
twoo results point to the emergence of a dominant design in the early fifties. 
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Figuree 5-1-1: Entropy (upper curve) and mutual information (lower curve) for aircraft 
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Figuree 5-1-2: Entropy (upper curve) and mutual information (lower curve) for helicopters 
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Figuree 5-2-1: Two-dimensional mutual information values for aircraft 
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Figuree 5-2-2: Two-dimensional mutual information values for helicopters 
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Thee falling trends in entropy and in mutual information for helicopters indicate that 
thee product variety and dependence between alleles has fallen over time. Thus, the variety 
thatt remained was increasingly based on small variations around a dominant design as 
indicatedd by the falling mutual information. The most frequent design after the fifties, which 
cann be considered the dominant design, is the two-engine turboshaft design with four blades 
andd one shaft and one rotor per shaft (string "41200"). Variations have been primarily based 
onn variations in the number of blades and the number of engines. This result confirms the 
historicall  study of Bilstein (1996: 91) who identified the twin-turboshaft Kaman-model 
introducedd in 1954 as the "pioneering" design. 

Thee results on entropy and mutual information for aircraft are quite different from the 
patternss for helicopters and the aircraft results do not support the dominant design thesis. 
Entropyy increased in the early decades and decreased only slightly in the thirties. Hereafter, 
entropyy increased again rapidly to level off in the late-fifties. Mutual information increased 
slightlyy in the early history and decreased slightly in the thirties. Hereafter, mutual 
informationn increased rapidly and steadily to level off in the sixties. The results suggests that 
onlyy in the thirties some indication can be found of a dominant design evident from a slight 
andd temporary fall in entropy and mutual information. 

Thee period of the thirties indeed corresponds to the age of the Douglas DC3 
introducedd in 1936 with design "010000", which is commonly considered as the dominant 
designn in aircraft history (Miller and Sawers 1968; Nelson and Winter 1977; Constant 1980). 
Duringg this period the design "010000" has a high frequency reflecting that many other firms 
developedd products based on this design. 

However,, as indicated by the rising trends in entropy and mutual information from the 
fortiess onwards, the results clearly point out that the alleged dominance of the DC-design did 
nott last long. Product variety as indicated by entropy and the degree of clusteringg as indicated 
byy mutual information rose over the whole period from the forties to the sixties. These results 
reflectt that from the forties onwards not one design family cluster, but several design families 
graduallyy emerged. These different design families came into existence with the successful 
developmentt of three new engine types: turboprops, jet engines, and turbofan engines. 

Too understand the nature of the clustering that has taken place, the values for the two-
dimensionall  mutual information are particularly informative. These values are given in 
Figuree 5-2-1 for aircraft for all fifteen pairs of dimensions, and in Figure 5-2-2 for helicopters 
forr all ten pairs of dimensions. From the Figure for aircraft, it is clear that the rise in mutual 
informationn in the post-war period is primarily related to rising mutual information between 
enginee type and wing type, between engine type and number of engines, and between number 
off  engines and wing type. The values for these three pairs of design dimensions have 
increasedd very rapidly. By contrast, the two-dimensional mutual information values for 
helicopterss slow decreasing trends. Only one pair of dimensions (dimension two and 
dimensionn three) shows high values over the whole period reflecting complementarities 
betweenn the number of engines and the number of rotors. This relationship points to the 
commonn use of more rotors when more engines are incorporated in a helicopter design to 
carryy the higher weight. 

Ass noted, the results for the two-dimensional mutual information values for aircraft 
aree more pronounced. The emergence of several design families can now be related to 
importantt epistatic relations. The results indicate that clustering concentrated in the 
dimensionss of engine type, number of engines, and wing type. The functionality of a 
particularr engine type depends heavily on the complementarity with the type of wings used 
andd with the number of engines used. And, the functionality of the number of engine used 
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dependss heavily on the wing type used in an aircraft. The local optima in fitness landscapes 
aree thus primarily characterised by different alleles for "core elements" engine type, wing 
type,, and the number of engines. Along these dimensions specific combinations between 
alleless are dominant. 

Onee can speak of a branching pattern of different design families that gradually occur 
ass a process of "speciation" into different families occupying different local optima reflecting 
differentt niches (Saviotti 1996; Levinthal 1998). For example, turbofan engines are 
complementedd by swept wings to optimise speed and take-off weight in transport operations, 
whilee jet engines are complemented by delta wings with smaller wing span to optimise speed 
andd manoeuvrability for fighter operations. And, the less powerful piston propeller and 
turbopropellerr are complemented by conventional straight wings and used for low-speed 
transportt operations. 

1.. Dominant design: one- and two-engine piston propeller monoplanes with straight wings, one tail and one boom 

Strings:: predominantly 000000 and 010000 

Niche:: small-sized, short-range, low-payload, low-speed aircraft for business market and trainers 

2.. Dominant design: two-engine turboprop monoplanes with straight wings, one tail and one or two booms 

Strings:: predominantly 110000 and 110001 

Niche:: medium-sized, short-range, low-payload, low-speed aircraft for cargo and passengers 

3.. Dominant design: one-engine and two-engine jet monoplanes with delta wings one tail and one or two booms 

Strings:: predominantly 201000, 211000, 201001, and 211001 

Niche:: small-sized, medium-range, low-payload, supersonic aircraft for fighter market 

4.. Dominant design: two-, three and four-engine turbofans with swept wings, one tail and one booms 

Strings:: predominantly 333000, 313000, and 323000 

Niche:: large-sized, long-range, large-payload, high-speed aircraft for cargo and passenger aircraft 

Source:: Frenken et al (2000: 238) 

Boxx 5-4: Description of four design families in aircraft technology 

Inn total, four design families can be distinguished that refer to typical combinations in which 
alleless co-occur as listed in Box 5-4. 
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5.2.44 Results on the number  of firms participatin g in an industry 

Thee number of firms participating in an industry is measured by counting the number of firms 
thatt have introduced at least one new product in a ten-year period. Thus, the same time 
windoww is used as in the analyses of entropy and mutual information. In Figure 5-3-1 and 
Figuree 5-3-2, the counts of the number of firms in each ten-year period are given for the 
aircraftt and the helicopter industries, respectively. 

Thee results show that in both industries the industrial dynamics are characterised by 
ann initial period of around 25 years in which the number of firms have risen, and a period 
hereafterr in which the number of firms has been falling.113 The peak in the number of aircraft 
firmsfirms occurred in the mid-thirties at 85 firms and the peak in the number of helicopter firms 
occurredd in the late-fifties at 31 firms.114 In both industries "shake-out" phenomena can thus 
bee indicated. Note that the fall in aircraft firms after the thirties was interrupted during the 
periodd 1945-1960 during which the number of firms slightly increased again. It is during this 
periodd that many new varieties were introduced offering many opportunities for new firms 
notablyy in the business aircraft segment. However, the overall trend from the thirties onward 
hass been a declining one with the number of firms decreasing from 85 in the period 1933-
19422 to 32 firms in the period 1974-1983. 

Thee patterns of industrial dynamics found for aircraft and helicopters correspond to 
thee patterns found in many other industries, in which an initial period of several decades is 
followedd by a more or less rapid drop in the number of firms within an industry (Utterback 
andd Suarez 1993; Klepper 1997). As discussed in Section 1.2 and Section 4.1, many authors 
havee related the drop in the number of firms to the emergence of a dominant design. In the 
historyy of aircraft, the peak in the number of firms occurs indeed during a period in which 
accordingg to historians (Constant 1980; Vincenti 1990; Bilstein 1996) a dominant design 
emerged.. This design was based on the Douglas DC-3, an all-metal, two-piston-propeller-
enginee monoplane that was introduced in 1936. About this time, the number of aircraft firms 
peakedd at around 85 firms. Similarly, the number of helicopter firms peaked around the mid-
fiftiesfifties only few years after the time a dominant design was indicated in the previous section. 

Thus,, in both industries the number of firms in the industry has first risen and fallen 
hereafter.. The peaks in the number of firms in the history of the aircraft and helicopter 
industriess correspond to the time at which alleged dominant design emerged. However, the 
subsequentt evolution of the two technologies hereafter was completely different. Whereas 
helicopterr variety declined after the emergence of the alleged dominant design, aircraft 
varietyy started to increase again. Thus, although the industrial dynamics in both industries are 
similarr for what concerns the trends in the number of firms, the two patterns in technological 
evolutionn as expressed in product variety are opposite. This result indicates that apeak in the 
numbernumber of firms need not always point to the emergence of a dominant design. A shake-out in 
thee aircraft industry has not prevented product variety to increase in later years. The 
predictionn of the product life-cycle model that the peak in the number of firms coincides with 
thee peak in product variety only holds for the evolution of helicopter technology. 

Thee data do not cover the last fifteen years, but indications exist that the number of firms in both industries 
continuedd to fall during this period (Jane's 1998). In both European and American aviation industry many 
companiess have merged. Also note that the results are based on a sample. The real number of firms has been 
higherr over the whole period, but the trend is likely to be as indicated by the results. 

Interestingly,, after the peak in the number of aircraft firms in the thirties, the number of aircraft firms 
increasedd slightly again during the fifties, but steadily declined hereafter. This temporary rise can be related to 
thee introduction of a number of new engine technologies at the time, as it wil l be explained below. 
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5.2.55 Entropy disaggregation at the firm level 

Averagee entropy values at the firm level were computed using the distributions ten-year of 
productt designs as in the previous analyses. The results are given in Figure 5-4-1 for aircraft 
andd Figure 5-4-2 for helicopters. The figures show the entropy in product designs at the 
industryy level in the upper curve (corresponding to the upper curves in Figure 5-1-1 and 
Figuree 5-1-2) and the average firm entropy in the lower curve. Figures 5-5-1 and figure 5-5-2 
showw the same results, but now in the form of average firm entropy as a percentage of the 
totall  industry entropy. The main observation from the results is again that different patterns 
aree found for the two industries. As it is argued below, these differences can be related to the 
differentt results for entropy and mutual information for the two technologies found in the 
previouss analyses. 

Startingg with the analysis of the helicopter industry, the results show that average 
entropyy at the firm level as a percentage of industry entropy remained at low level, but has 
risenn spectacularly during the last 20 years (1964-1983). At this point in the history of the 
helicopterr industry, the number of firms had suddenly dropped from around 30 to around 15 
firms.firms. Thus, a smaller number of firms each produced a larger variety of designs and an 
increasinglyy more similar variety of product designs as variety at the industry level fell. This 
resultt is in line with the thesis discussed in Section 5.1.4 that the degree of specialisation 
betweenn firms falls once a dominant design emerges and a shake-out occurs. Surviving firms, 
onn average, shifted from offering few different designs to offering a large variety of designs 
basedd on a common core through which economies of scope can be realised. 

Inn the aircraft industry, the reverse trend occurred. The entropy at the firm level as a 
percentagee of industry entropy first increased to almost 35 percent, but decreased from the 
thirtiess to a value below 15 percent in the mid-forties. In the post-war period, this percentage 
remainedd rather low fluctuating around 20 percent. This result indicates that on average the 
firmsfirms in the aircraft industry have specialised in offering fewer varieties during the period 
afterr the thirties. 

Howw can one understand the increasing specialisation trend among aircraft firms after 
thee thirties? From the high values for mutual information in Section 5.2,3 indicating the co-
existencee of several design families, it can be suggested that as several design families 
emerged,, firms tend to specialise in one design family. This explanation is indeed in line with 
thee earlier discussion on the benefits of specialising in a single knowledge base to exploit 
economiess of scope. With the number of design families rising over time aircraft firms 
increasinglyy specialised while helicopter firms de-specialised when one dominant design 
familyy emerged.''5 

Descriptivee statistics of the post-war data show indeed a large number of firms that specialised in one design 
family.. Piper and Cessna specialised in one- and two-engine piston propeller aircraft. These models were 
primarilyy used in the business and trainer market. Antonov, Beechcraft, and De Havilland Canadair specialised 
inn turboprop aircraft with predominantly two engines used for cargo and passenger transport. Convair, 
Daussault,, and Sukhoi specialised in fighter aircraft with delta- or variable swept wing and one or two jet 
engines.. And, Ilyushin, Boeing, Lockheed, Douglas, Tupolev, McDonnell Douglas specialised in two- or four-
enginee turbofan aircraft with swept wings. These large aircraft models are used for mass-transport of cargo and 
passengers. . 
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Figuree 5-3-1: Number of firms in the aircraft industry 
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Figuree 5-3-2: Number of firms active in the helicopter industry 
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Summarising,, the results on the helicopter industry confirm the product life-cycle 
modell  in that a dominant design emerged, a shake-out occurred, and firms de-specialised. 
Thee history of the helicopter industry can be considered as a "paradigmatic" example of the 
productt life-cycle model. The development of the aircraft industry, however, did not match 
thee predictions of the product life-cycle model. Only for the period up til l the mid-forties, a 
patternn of rising and falling product variety and number of firms was found. After this period, 
productt variety increased further with the development of several design families: a piston 
propellerr family, a turbopropeller family, a jet family, and a turbofan family. With the 
developmentt of several design families, aircraft firms generally specialised in one out of the 
severall  design families. 

Thoughh the analysis of only two industries cannot serve as an empirical test of the 
productt life-cycle, the result on the history of aircraft designs cannot be considered as 
confirmingg evidence. As in some of the studies on the product life-cycle reviewed in Section 
4.1,4.1, the analysis of the history of aircraft technology also shows that the pattern in product 
innovationn does not necessarily follow the logic of the product life-cycle model. The growing 
varietyy in aircraft design leading to four design families suggest that product innovation has 
nott dropped significantly in the course of history. Around the time of the introduction of the 
allegedd dominant design the Douglas DC-3, product variety only temporarily stabilised. In 
thee post-war period, the entropy analysis showed a rapid increase in product variety 
suggestingg a high activity in product innovation. 

Too account for evolutionary patterns in product variety, the product life-cycle theory 
mayy turn out too limited a framework. In particular, the product life-cycle model rules out the 
possibilityy of the emergence of multiple co-existing dominant designs. As in the example of 
thee aircraft industry, different designs can be dominant in different market segments or 
"niches"."66 A framework that encompasses this possibility has been developed in a study by 
Frenkenn et al. (1999b), which is integrally included in this study as Chapter 6. In this study, 
fourr industries have been analysed. Apart from the aircraft and helicopter industries, the 
motorcyclee and microcomputer industries have been analysed. From this analysis, building 
blockss are formulated for a more general theory of dominant designs and product life-cycles. 

Thee analysis of data on aircraft and helicopter design in this chapter was meant to show 
howw the entropy methodology can be applied and how one can interpret the results. To test 
thee product life-cycle using the entropy methodology, many other technologies need to be 
analysedd in this way. Such an extensive research program requires careful data collection of 
productt characteristics of many technologies covering as many years as possible, an issue on 
whichh I reflect in more detail in Section 9.5.1. 

5.33 INTRODUCTION T O CHAPTER 6 ,  CHAPTER 7  AN D CHAPTER 8 

Thee following chapters, Chapter 6, Chapter 7, and Chapter 8, concern three other empirical 
studiess of technological development. The studies address the dynamics of innovation in the 
lightt of the product life-cycle model and in the light of related concepts of lock-in, 
technologicall  paradigm, and national systems of innovation. The measurements are primarily 
basedd on entropy statistics, the methodology of which has been described in this chapter. 

1166 This pattern in technological evolution has also been found by Levinthal (1998) in his analysis of wireless 
telephonyy and by Almeida (1999) in his analysis of electric motors. 
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Figuree 5-4-1: Entropy (upper curve) and average entropy (lower curve) for aircraft 
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Figuree 5-4-2: Entropy (upper curve) and average entropy (lower curve) for helicopters 
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Figuree 5-5-1: Average firm entropy as a percentage of industry entropy for aircraft 
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Figuree 5-5-2: Average firm entropy as a percentage of industry entropy for helicopters 
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Alll  three chapters have been published earlier as journal articles and have been 
includedd integrally in this study as Chapter 6, Chapter 7, and Chapter 8. To link the articles 
too the previous arguments made in this study, this section shortly describes the three chapters 
andd shows how the empirical analyses addresses questions raised in previous chapters. 

5.3.11 Variety and niche creation 

Thee first study in Chapter 6 concerns a study on product variety in the aircraft, helicopter, 
motorcyclee and microcomputer industries, which has been published as: Koen Frenken, Pier 
Paoloo Saviotti, Michel Trommetter (1999) 'Variety and niche creation in aircraft, helicopters, 
motorcycless and microcomputers', Research Policy 28, pp. 469-488. The study in Chapter 6 
extendss the analysis in Chapter 5 in two ways. First, the analysis concerns four instead of two 
technologies.. Second, variety is measured not only using entropy statistics but also using a 
recentt variety measure developed by Weitzman (1992). The study in Chapter 6 however does 
nott include analyses of mutual information, average firm entropy, and the number of firms as 
inn Chapter 5. 

Inn the study in Chapter 6 the entropy meausure and the Weitzman measure are used to 
mapp the changes in the product variety during the evolution of the four technologies. The 
entropyy measure is used in same way as done in Chapter 5 but to different distributions of 
productt designs. In the study in Chapter 6, we did not apply the entropy measure on 
distributionss covering a particular period of years ("clock time"), but on distributions that 
eachh contained a particular number of product releases ("event time"). Distributions with a 
samee number of events were chosen to render the results comparable with the results of the 
secondd variety measure - called the Weitzman measure (Weitzman 1992, 1993) - which can 
bee best applied to a given number of observations. It should be noted that the results on 
entropyy in Chapter 6 based on event time show the same trends for aircraft and helicopters as 
inn Chapter 5, which are based on clock time rendering the results quite robust. 

Thee Weitzman measure is complementary to the entropy measure. The Weitzman 
measuree applies to matrices of pair-wise distances between two product designs. Two types 
off  pair-wise distances have been computed. The first distance applies to technical 
characteristicss and is called Hamming distance. This measure equals the number of alleles 
thatt two product designs do not share.117 Hamming distance equals zero when designs do not 
differr in any dimension, and Hamming distance equals N when designs differ in all 
dimensions.. The second distance measure is applied to service characteristics, and is an 
Euclideann measure. This distance measure maps the difference between pairs of designs in 
continuouss service characteristics space. Following the generalised model in Chapter 3, the 
Euclideann distance measure thus indicates the difference between two products in terms of 
thee level of services they provide as measured by bundles of service characteristics. 

Byy means of measuring product variety in design space as expressed in the values of 
technicall  characteristics (the alleles) as well as in function space as expressed in the values of 
servicee characteristics (the fitness levels), we are able to link changes in design to product 
differentiation.. Two types of differentiation can be distinguished. First, vertical 
differentiationn in service characteristics can take place when product innovation leads to 
designss with higher quality sold at a higher price and designs with lower quality sold at a 
lowerr price. Second, horizontal differentiation can take place when different products are 

11 '7 Hamming distance is also explained in Section 4.3. See also Kauffman (1993: 199). 
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adaptedd to preferences of different user groups that apply different weights to service 
characteristics.. As discussed in more detail in Chapter 3, both types of product innovations 
aree expected to increase the product variety as measured in Hamming space of technical 
characteristicss (the elements of products) and Euclidean space of service characteristics (the 
functionss of products). 

Thee variety analysis is done using data on four product technologies: aircraft, 
helicopter,, motorcycle, and microcomputer data. For aircraft, helicopter and motorcycle 
products,, the variety patterns could be well explained by an evolutionary model that relates 
technologicall  variety to the scope for niche creation. The scope for niche creation for a 
technologyy is generally increasing over time due to product innovations that enlarge the high 
endd of the market for a product (faster, bigger, safer, et cetera) as well as product innovations 
thatt enlarge the low-end of the market (slower, smaller, less safe, et cetera). For example, the 
valuess for the Weitzman measure applied to service characteristics of aircraft shows that 
varietyy in function space has increased considerably in the course of the history of aircraft. As 
ann illustration, I show in Figure 5-6-1 and Figure 5-6-2 two trees that have been constructed 
fromfrom the Weitzman algorithm as applied in Chapter 6. The first tree covers the very first 
periodd of 1913-1916 and the second tree covers the very last period of 1979-1984.118 These 
treess show the increase in product differentiation in aircraft over time in various dimensions 
off  service characteristics, including power, speed, length, and range, as measured by the 
valuess on the y-axis. 

Thee scope for niche creation can be limited by the existence of inter-technological 
competitionn by other technologies that already occupy a region in service characteristics 
spacee at lower prices. This explains why product variety in helicopters decreased, whereas in 
aircraftt and motorcycle technology new niches have been created. The presence of aircraft 
technologyy affected the range of product differentiation that could take place in helicopters as 
nichee creation in the high end of the helicopter market has been restricted by the presence of 
competitivee aircraft designs at the low end of the aircraft market.119 

Forr microcomputers the relation between technological variety and the scope for 
nichee creation did not hold. Both variety in design space and variety in function space have 
beenn declining over the period studied, while the range of services that can be offered 
technicallyy has been steadily expanding. This result suggests that particular factors have to be 
takenn into account to understand the evolution of product variety in microcomputers. First, 
thee rate of decline in costs of elements per unit speed has been fallen extremely fast in 
computingg compared to other technologies.120 The resulting fast increase of the value-for-
moneyy of new microcomputer models rendered low-end computers quickly obsolete. In other 
words,, niche creation in low ends of service characteristics is not feasible. 

Thesee figures also have been included in Frenken et al. (2000: 235-236). Note that in this study, the periods 
correspondingg to each family tree have erroneously been transposed by the editor. 
1199 One may argue that, when helicopter is considered as a separate industry distinct from aircraft, small aircraft 
shouldd also be considered a separate industry distinct from large aircraft. In mat case, variety analyses and 
industriall  dynamics should cover separate market segments instead of all aircraft models. However, the 
methodologicall  choice to distinguish between helicopters and aircraft has been based on the difference in design 
spacee of helicopters and aircraft, while the different types of aircraft can all be represented in the same design 
space. . 
11 ° A comparison has been made between cars and microcomputers if technical change in automobiles had 
progressedd at the rate of technical change in microcomputers in the last few decades. Brock and Colander (2000: 
88):: "an auto that performed at the level of a Ferrari would cost about 10 cents today!" This rapid technical change is 
alsoo reflected in Moore's Law, which still holds today, stating that computing speed doubles each 18 months 
(MacKenziee 1992; Van Lente 1993; Brock and Colander 2000: 89). 
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Thee second factor that is rather specific to microcomputers concerns to the rate of 
increasingg returns to adoption of standards. In particular, compatibility requirements between 
hardwaree and software and network externalities among users cause a high rate of increasing 
returnss to adoption of particular computer designs. These factors explain why design 
dimensionss such as the type of operation system, the type of disk drive, and type of screen 
havee standardised very quickly. 

5.3.22 Scaling trajectories 

ChapterChapter 7 deals with scaling in successive product designs along technological trajectories in 
civill  aircraft, an issue which has been discussed in Section 1.3 of this study. The study has 
beenn published as: Koen Frenken, Loet Leydesdorff (2000) 'Scaling trajectories in civil 
aircraftt (1913-1997)', Research Policy 29, pp. 331-348. 

Inn this study, a measure is proposed to indicate scaling of designs along technological 
trajectoriess over time. This measure can be applied to series of individual products of a 
particularr firm as well as to series of distributions of products at the level of the industry as a 
whole.. The basic idea is to measure the change in the ratio between characteristics in a series 
off  product designs. Perfect scaling can then be defined as increases or decreases in the levels 
off  characteristics without changes in the ratios between characteristics. The degree of change 
inn ratios is measured using the formula of the expected information content in an a priori 
distributionn of ratios between characteristics of one design compared to an a posteriori 
distributionn in ratios between characteristics of another design. The value of the expected 
informationn content indicates to what extent two designs differ in terms of the distribution of 
ratioss between characteristics. 

Thee data used in this study are the same aircraft data as the ones used in Chapter 5 
andd Chapter 6 but only concern the civil aircraft models. The civil aircraft data have been 
extendedd for the period of 1985-1997 using Jane's (1998). A reason to focus on civil aircraft 
iss that many scholars have described the history of civil aircraft in great detail, so one can 
confrontt the results of the analysis with historical notions. 

Thee results for aircraft show two cycles of low degree of scaling followed by a high 
degreee of scaling. These results confirm the historical studies and earlier empirical studies 
thatt have described two successive technological paradigms in civil aircraft, one based on 
pistonn propeller engine technology and one based on turbofan engine technology (Miller and 
Sawerss 1968; Constant 1980; Mowery and Rosenberg 1982). The first paradigm started with 
thee success of the Douglas DC-3 introduced in 1936, which was subsequently scaled in 
variouss versions up to the late fifties. The second paradigm started with the success of the 
Boeingg 707 introduced in 1957, which was also scaled up to the late nineties. During each of 
thee two product life-cycles, an initial period of a low degree of scaling is followed by a period 
off  a high degree of scaling. The latter period reflects the paradigmatic stage of technological 
development,, and the former period reflects the pre-paradigmatic stage of development. Note 
thatt the conclusion of two successive technological paradigms in civil aircraft is not 
incompatiblee with the conclusion that after the World War II no single paradigm gained 
dominancee at the level of the aircraft industry as a whole. The former conclusion refers to 
technologicall  development in one market segment only, while the latter covers all segments 
includingg civil aircraft, business aircraft, fighters, bombers, cargo, and trainers. 
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Thee scaling measure is applied both at the firm level and the industry level. By means 
off  mapping dynamics at firm levels and industry levels, we attempted to relate micro-level 
strategiess of particular firms (Douglas, Boeing) to each other and to the macro-level 
developmentss at the world level of the industry. In this way, we show how Boeing has 
overtakenn the leading position of Douglas through radical innovation. This type of analyses 
informss one about the success of different firm strategies in product innovation at different 
stagess of the product life-cycle. 

5.3.33 A complexity approach to innovation networks 

ChapterChapter 8 concerns the last study reported in this study. This study contains a theoretical part 
basedd on Kauffman's NK-model and an empirical analysis using entropy statistics. The study 
dealss with international specialisation patterns in technology-market-country combinations in 
thee world aircraft industry. This study has been published as: Koen Frenken (2000) 'A 
complexityy approach to innovation networks. The case of the aircraft industry (1909-1997)', 
ResearchResearch Policy 29, pp. 257-272. 

Inn this study, it is shown how the original NK-model of complex systems as described 
inn Chapter 2 can also be used to model complementarities between competencies of actors in 
ann "innovation network". The actors that are distinguished in the development of a product 
innovationn are producers that contribute with technological knowledge, users that contribute 
withh knowledge on product requirements, and national governments that contribute with 
facilitatingg infrastructure and financial services.121 122 Using this model, one can understand 
specialisationn of producers in particular technologies, in particular markets, and in particular 
countriess as a consequence of interrelated competencies between producers, consumers and 
governmentall  bodies. Once joint strategies prove successful, networks tend to become 
interlockedd leading countries to become specialised in particular technology-market 
combinationss {cf. Walker 2000). 

Thee international specialisation patterns that have emerged are measured by mutual 
informationn values of the three-dimensional distributions of technologies, markets and 
countries,, and by the mutual information values of the two-dimensional distributions of 
technologiess and markets, technologies and countries, and markets and countries. Thus, the 
complementaritiess between actors can be mapped by the mutual information measures in the 
samee way as the complementarities between alleles of elements of a complex artefact have 
beenn computed in Chapter 5. 

Thee results show that the degree of specialisation has risen substantially in the post-
warr period. Countries increasingly specialised in the development of product innovations 
usingg a specific technology for a specific market segment. Regarding Vernon's (1966) 
internationall  product life-cycle model holding that technologies in their mature stage shift to 
low-agee countries, the study adds an important nuance to Vernon's model. Low-wage 
countriess indeed typically entered the aircraft industry by using a mature technology, but 
somee high-wage countries also remained active in product innovation in mature technologies. 
Thiss can be understood by complementarities that can arise in innovation networks in high-

Collaborationn between producers, users, and governments is also central to Lundvall's (1988) concept of 
nationall  innovation systems and David's (1994b) discussion of path dependence and institutional lock-in. 

Thiss type of network is not the only type of innovation network. Another common type of innovation 
networkk is a network of producers collaborating in the development of one technology. This type of innovation 
networkk is discussed in Section 9.4.4, in which issues for further research are discussed. 
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wagee countries developing new products based on mature technology for specific user groups 
(e.g.,(e.g., American firms that developed piston-propeller aircraft primarily for American 
businesss market). 

Thee study also goes into the more recent development of transnational collaborations 
betweenn firms within consortia (e.g., Airbus). In the light of the NK-model developed earlier 
inn the article, this institutional development is understood as a means for firms to escape their 
historicall  specialisation patterns through alignment with partners that have built up different 
competenciess in other technologies or markets. The study ends with reflections on the 
importancee of transnational innovation networks in the development of new technologies by 
meanss of recombinations of national competencies. 
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Chapterr  6 

Varietyy and niche creation 
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Abstract t 

Evolutionaryy theories of economic development stress the role of variety as both a determinant and a result of growth. 
Ourr empirical understanding of the role of variety, however, is still limited. We propose two variety measures, one based on 
entropyy and one based on Weitzman's maximum likelihood procedure. It is argued that the two measures are complementary 
sincee they highlight different aspects of variety. Entropy is based on frequencies and indicates the statistical variety, while 
Weitzman'ss measure is based on the distance between products, and indicates the degree and structure of differentiation of a 
population.. We apply the measures to product characteristics of four technologies (aircraft, helicopters, motorcycles, and 
microcomputers).. The results on the three transport technologies show classic evolutionary specialisation patterns that can be 
understoodd on the basis of niche theory. In these cases, the changes in variety are related to changes the scope of services a 
technologyy can deliver analogous to the size of a habitat of a biological species. The results on microcomputers call for 
anotherr explanation, since we found that variety decreased while the scope of services increased rapidly. In this case, the 
rapidd fall in costs per unit service decreased so rapidly that the lower end of the market continuously disappears when the 
higherr end of the market is extended. The results on microcomputers call for extending niche theory including the rate of 
changee in costs. © 1999 Elsevier Science B.V. All rights reserved. 
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1.. Introductio n 

Ann important effect of economic development 
concernss the change in the composition of the eco-
nomicc system through the creation of new entities. 
Suchh new entities can be new objects (goods and 
services),, new activities (production processes and 
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modess of organisation) and new actors (individual 
andd institutional). An important question, which can 
havee a considerable theoretical and policy relevance, 
iss whether changes in the composition of the eco-
nomicc system are only an effect of previous develop-
mentss or also a determinant of subsequent develop-
ment.. Considerable if not very systematic evidence 
existss in favour of the second interpretation. The 
centrall  role played by new, high-technology sectors 
inn the policies of industrial countries is implicitl y 
relatedd to the expected economic development poten-
tiall  of such sectors. 
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Thee role of variety is central in Pasinetti's work 
onn economie growth and structural change (Pasinetti, 
1981,, 1993). His central thesis holds that the emer-
gencee of new sectors can compensate for the imbal-
ancee between demand saturation and continuous pro-
ductivityy growth in pre-existing sectors. The re-
sourcess required to perform search activities, which 
leadd to the creation of new sectors, can only come 
fromm productivity improvements in pre-existing sec-
tors.. Thus, the emergence of new sectors and produc-
tivityy growth in pre-existing sectors are complemen-
taryy rather than exclusive phenomena. In this respect, 
Pasinetti'ss thesis bears a considerable similarity to 
thatt between productivity growth in agriculture and 
investmentt in the new industries during the process 
off  industrialisation (Kuznets, 1965). Further support 
forr the role of variety in economic development 
comess from growth models that include a growth in 
thee number of capital goods amongst the conse-
quencess of innovation (Romer, 1987, 1990). 

Att a lower level of aggregation, the role of prod-
uctt variety at the industry-level has been central to 
thee concepts of the 'product life-cycle' and 'domi-
nantt design' (Abernathy and Utterback, 1978). Con-
traryy to the tendency of increasing variety at the 
macro-economicc level, various tendencies towards 
standardisationn can be expected to decrease variety 
att the industry-level. The fall in variety concerns 
bothh the technological variety and the number of 
firms,firms, though only the latter phenomenon is usually 
supportedd in empirical tests (Klepper and Simons, 
1997).. Importantly, decreasing variety at the industry 
levell  is not incompatible with increasing variety at 
higherr levels of aggregation. Technological standard-
isationn and productivity growth free resources which 
cann be used to create new sectors through research 
andd development. 

Inn Frenken et al. (1999), we discussed the concept 
off  variety in economic theory. A major problem in 
empiricall  studies on technological variety concerns 
thee measurement of variety in product evolution. We 
proposedd two measures that focus on different as-
pectss of variety: the entropy measure indicating the 
statisticall  variety on the basis of frequency distribu-
tions,, and Weitzman's measure which is based on a 
distancee measure between entities. We applied them 
too time-series of aircraft and helicopters, which can 
bee considered paradigmatic examples of different 

technologicall  'species' aiming at similar services. 
Thiss allowed us to study the competition at the 
intra-technologicall  and inter-technological level. In 
thee following study, we elaborate on the issue of 
varietyy in a framework based on niche theory as 
developedd in biology. We also add to our empirical 
analysiss of aircraft and helicopters the results on two 
neww datasets concerning motorcycles and microcom-
puters.. On the basis of a comparison between the 
fourr technologies, it is concluded that traditional 
nichee theory cannot explain all trends observed, and 
iss to be extended to deal with the rate of change in 
costss as a result of technological improvements. 

2.. On the concept of variety 

Inn the economic literature, variety is used to 
describee differentiation within a given product group. 
Thee type of exercises in which the concept of variety 
iss used, such as the optimum level of product differ-
entiation,, are both static and conceived at a low level 
off  aggregation, i.e., a given product class (Lancaster, 
1975).. By contrast, an evolutionary theory deals with 
thee interplay between variety-creation and market 
selectionn by focusing on changes in variety over 
time.. In this context, the relevant level of aggrega-
tionn is necessarily higher than has traditionally been 
thee case in the economics literature, since its aim is 
too account for qualitative change, i.e., the emergence 
off  new product classes. In biology, the concept of 
diversityy is defined as the number of species existing 
inn a given habitat (see Pielou, 1977). This concept 
bearss a considerable similarity to that of variety we 
wil ll  develop here, though the differences between 
thee two disciplines must be borne in mind. Thus, the 
conceptt of variety used in this paper is intermediate 
betweenn the one traditionally used in economics and 
thee one used in biology. 

Thee biological definition of diversity implies that 
eachh time a distinguishable economic 'species', be it 
ann actor, an activity or an object, is created, the 
varietyy of the economic system increases. However, 
thiss conclusion depends on the nature of variety in a 
way,, which is more subtle than we have anticipated 
soo far. First, the new economic 'species' will be 
clearlyy distinguishable from pre-existing ones only 
whenn its population is completely separated from all 
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pre-existingg populations, for example, as defined as 
thee set represented in the characteristics space 
(Saviotti,, 1991, 1994, 1996). While this happens in 
somee cases, such as that of a radical innovation that 
iss represented in new dimensions in the character-
isticss space, there are other ones that are expected to 
leadd to an increase in variety, but in which the new 
speciess population is not completely separated from 
pre-existingg ones. This problem is very similar to a 
long-standingg one faced by biologists when dealing 
withh speciation. Second, even admitting that two 
technologicall  product populations are completely 
separatee in characteristics space, a number of devel-
opmentss internal to the population can be expected 
too lead to a growth of variety, such as an increase in 
thee number of entities within the population. Third, 
thee diffusion of a new species through time also 
affectss the composition of the economic system, 
althoughh not qualitatively. Should we expect the 
varietyy of the system to change during this diffusion 
process?? And if so, what are the determinants of 
increasingg and decreasing variety during diffusion 
processes?? The definition of variety previously given 
needss to be better articulated. In a way similar to the 
distinctionn between species and varieties, we can 
distinguishh between inter-population and intra-popu-
lationn contributions of variety. Moreover, we need to 
payy attention to the dynamics of variety creation. We 
cannott expect variety to increase only at the moment 
aa new 'species' emerges. The process of progressive 
differentiationn of both new and pre-existing product 
populationss lead to an additional change in variety. 

Inn what follows, we apply different measures of 
varietyy to four product technologies (aircraft, heli-
copters,, motorcycles and microcomputers). We thus 
restrictt our analysis to the evolution of products, but 
ourr methodology can equally be applied to other 
economicc entities such as actors and activities. Be-
foree describing the different measures of variety and 
reportt their results, we need to introduce in a more 
detailedd way the concept of technological population 
off  products. A technological population is here de-
finedfined as the set of all product models of a given 
technology.. In turn, a technology is defined on the 
basiss of its technical characteristics, i.e., its internal 
structure:: technologies are different when they are 
representedd by qualitatively different technical char-
acteristics. . 

Eachh product technology is represented by means 
off  two sets of characteristics, describing the internal 
structuree of the technology (technical characteristics) 
andd the services performed for its users (service 
characteristics),, respectively (Saviotti and Metcalfe, 
1984).. The two sets of characteristics are related by a 
patternn of imaging, because the purpose of technical 
characteristicss is to provide services (Fig. 1). Such 
ann approach can be considered an adaptation of 
characteristicss approach of Lancaster (1966) to the 
studyy of technological innovation. While Lancaster 
neededd only one set of characteristics because he 
wass only interested in demand, studies of technologi-
call  innovation need to deal also with the supply side. 
Wee can consider Lancaster characteristics as service 
characteristicss representing demand, and technical 
characteristicss to represent the supply side. More-
over,, the two sets of characteristics can be conceptu-
alisedd as the inner structure (technical character-
istics)) and the interface (service characteristics) of 
thee technological system, following the distinction 
madee by Simon (1969) between the inner structure, 
thee outer structure, and the interface or boundary of 
thee system. 

Thee twin characteristics framework has a number 
off  interesting applications, since it allows us to 
distinguishh between radical and incremental innova-
tion,, and to define elementary phenomena in techno-
logicall  evolution. The applications, which are of 
primaryy importance in this paper, are those to the 
analysiss of the evolution of and competition between 
technologicall  populations. Each product model is 
representedd by a point in characteristics space. Since 
differentt models have different values or levels of 
characteristics,, a population will be represented by a 
cloud,, corresponding to the distribution of models in 
characteristicss space (Fig. 2). There are three types 

TECHNICA LL  SERVICE 
CHARACTERISTIC SS CHARACTERISTIC S 
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Fig.. 1. The twin characteristics representation of a product model. 
Thee double arrow between technical and service characteristics of 
aa product represents the pattern of imaging. 
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Fig.. 2. Between times tx and t2 the position and density of the 
technologicall  population change. The center of the technological 
populationn describes a trajectory. 

Fig.. 3. Between times (, and t2 technological specialization takes 
place,, giving rise to a bifurcation in the trajectory. 

off  changes that can take place in a technological 
population:: first, a change in the position of the 
population,, caused by the variation in the values of 
thee characteristics of the models constituting the 
population;; second, a change in the density of the 
population;; third, a change in the number of distin-
guishablee populations. The third type of change can 
takee place either by means of specialisation, in which 
aa technological population separates into two or more 
populationss within the same dimensions of character-
isticss space (Fig. 3), or by means of radical innova-
tion,, in which one or more new populations are 
createdd in new dimensions of characteristics space. 
Thee process of specialisation and that of radical 
innovationn creating new dimensions are amongst the 
mostt important contributors to variety growth. 3 

Thee distinction between technical and service 
characteristics,, while being conceptually clear, is not 
alwayss easy to apply. In some cases, the character-
isticss are summary variables related to both technical 
andd service aspects of a product. And, what is con-
sideredd a technical characteristic at one point in time, 
mayy acquire a meaning to consumers at a next 
momentt in time, as it becomes closely related to 

Inn models including firm behavior and demand, technological 
populationss are not the only populations to be considered. Popula-
tionss of firms and consumers are equally important (Saviotti, 
1998).. However, since firms compete by means of their outputs, 
technologicall  populations as considered in this study play a 
fundamentall  role. 

particularr services. In what follows, we will intro-
ducee another, but related distinction between dis-
crete,crete, qualitative variables at the one hand, and 
continuous,continuous, quantitative variables at the one hand. 
Discretee variables relate to qualitative design fea-
turess of products and thus constitute the different 
productt classes. In our datasets, the majority of 
discretee variables are technical characteristics. Con-
tinuouss variables are associated with the dimensions 
thatt allow for a comparison between different prod-
uctt models. As such, they relate both to costs and to 
performancee levels on which products compete and 
thuss are closer to the concept of service character-
istics. . 

3.. Variety measures 

Inn this section, we discuss two measures of vari-
ety,, and the ways they can be applied to different 
typess of data. The measures concern the entropy 
measuree and Weitzman's diversity measure. The 
typess of data concern data that are measured on 
discretee scales and on continuous scales. In Section 
4,, we apply the two measurements on empirical data 
onn discrete and continuous product characteristics of 
fourr product technologies. 

3.1.3.1. Entropy measure 

Thee entropy value of a technological population 
measuress the degree of uncertainty or variety in a 
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distributionn of products. The entropy measure is 
givenn by the formula (Theil, 1967, 1972): 

" ( X , ) -- I>log(l//>,.) (i=l,...,A) (1) 
i == i 

wheree p, stands for the relative frequency of prod-
uctss classified in class i along product dimension 
X,,, and A to the total number of classes along 
dimensionn X,. The logarithmic can be two for vari-
etyy in bits or the natural logarithm for 'nits*  (here, 
wee use bits). The measure applies to data that are 
classifiedd in discrete classes in which each datum is 
exclusivelyy assigned to one of the classes. For exam-
ple,, a technological population can be described by 
itss distribution among the engine characteristic 
(gasoline,, steam, electric, etc.). The entropy measure 
hass a minimum value 2 log 1 =0 when all observa-
tionss lie in one and the same class. In that case, there 
iss one class i for which holds pt = 1. The maximum 
entropyy value equals log A when all observations 
aree equally distributed among the classes. Then, all 
classess have the same relative frequency equal to 
pptt = 1/A. Thus, the maximum entropy is solely de-
pendentt upon the number of classes A reflecting the 
ideaa that the number of distinguishable technological 
classess bounds the total possible variety. 

Thee entropy measure for multivariate frequency 
distributionss along dimensions X,, X2, etc., is given 
by: : 

" (X„X 2, . . . )== E E ...Pij,log(\/Pij,J 
i -- 1 J- l 

0=1 , . . .M ;y= l , . . . , £ ; . . .)) (2) 
Thee minimum multivariate entropy equals zero and 
thee maximum entropy equals log AB... The multi-
variatee entropy value measures the joint variety along 
severall  dimensions. An important drawback of the 
entropyy measure on product characteristics is that it 
cannott be applied in a straightforward manner to 
continuouss product characteristics. The entropy mea-
suree can only be applied to data that are classified in 
classess of observation. Along continuous dimensions 
thee choice of the number of classes, their width, and 
thee tail of the distribution involves decisions that 
remainn to some extent arbitrary. 4 

Forr applications of entropy in continuous space, see Theil and 
Fiebig(1984). . 

Example e 
Thee entropy formula can be applied to distribu-

tionss of discrete characteristics in a straightforward 
manner.. We give an example here of a technology 
describedd in terms of two characteristics. On the 
basiss of the matrix of joint relative frequencies, one 
cann compute the univariate entropy values H(Xt) 
andd H(X2) using formula (1), and their joint entropy 
valuee //(X,,X2) using formula (2). 5 Consider the 
followingg observations on two characteristics of four 
aircraftt models in Table 1. The univariate entropy 
valuess are: 

# ( X , ) = 0 .55 2log2 + 0.5 2log2=1.00 

/ / (X 2)=0.255 2log4 + 0.75 2log(4/3) = 0.81 

And,, the multivariate entropy equals: 

/ / (X, ,X 2)=0.255 2log4 + 0.25 2log4 

++ 0.5 2log2=1.50. 

Thee bivariate entropy is smaller than its maximum 
entropyy of an equiprobable distribution which equals 
logg AB = log4 = 2. The reason for this result is the 

relativee density of aircraft incorporating a turboprop 
enginee and a swept wing. 

3.2.3.2. Weitzman's measure of diversity 

Thee measure of diversity of Weitzman (1992) is 
basedd on a maximum likelihood grouping procedure 
usingg some distance measure 'rf' which measures the 
degreee of dissimilarity between two members in a 
population.. In the following, we use a notation in 
whichh x and y stand for different members of a 
populationn (x should not be confused with X, and 
X22 which stand for the product characteristics in 
whichh all members of a population are classified). 

Itt can be shown that the bivariate entropy value is either 
smallerr than or equal to the sum of the univariate entropy values. 
Thee difference between the bivariate entropy H(X\,X2) and the 
summ of the univariate entropies //(X[ ) and H(X2) is known as 
thee expected mutual information, and serves as a measure of 
dependencee or correlation. The formula for the mutual information 
iss given by: r (X, ,X 2)= / / (X, )+ W(X 2) - «(Xi ,X 2)2:0. For 
ann axiomatic treatment, see Theil (1972). See also Leydesdorff 
(1995). . 
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Thee distance measure needs to satisfy the following 
conditionss (Weitzman, 1992): 

d(x,y)>0d(x,y)>0 (3) 

d(x,x)=0d(x,x)=0 (4) 

d(x,y)=d(y,x)d(x,y)=d(y,x) (5) 

Forr a set S not empty, the value V(S) of the 
diversityy of 5*  is the solution of the recursion: 

V(S)V(S) = max(F(S\>0 +d(S\y,y)) (6) 
yes yes 

wheree S\y stands for a set S without product y and 
d(S\y,y)d(S\y,y) for the distance between this set with 
productt y. The solution of the recursion is unique 
oncee the initial conditions, V(x) = d0, V x, are 
specifiedd for any d0 (we simply take d0 = 0). This 
formulaa holds that the diversity of a population is the 
maximum,, over all members in the population, of the 
distancee of a member from its closest neighbour, 
pluss the diversity of the population without that 
member.. Weitzman (1992) showed that this measure 
hass the logical properties that are usually associated 
withh diversity, and thus constitutes a useful measure 
fromfrom a pragmatic point of view (for more details, see 
Frenkenn et al., 1999). 

AA crucial aspect of Weitzman's measure is the 
choicee of distance measure. In general, different 
distancee measures will generate different diversity 
valuess for the same set. An appropriate distance may 
varyy for different applications. In the case of discrete 
characteristics,, the distance between two products 
cann be calculated as the Hamming distance. This is 
simplyy the number of discrete characteristics in which 
twoo products differ (cf. Weitzman, 1993; p. 165). 
Forr example, following the data example given in 
Tablee 1, the Hamming distance between the first and 
secondd product equals one since the two products 
differr only with respect to the wing characteristic, 
whilee the Hamming distance between the first and 
thirdd product equals two since these two products 

Tablee 1 

Dataa example of discrete product characteristics 

X|:: Engine type X2: Wing type 

Productt I jet delta 
Productt 2 jet swept 
Productt 3 turboprop swept 
Productt 4 turboprop swept 

Tablee 2 
Dataa example of continuous product characteristics 

Productt 1 
Productt 2 
Productt 3 
Productt 4 

X,:: Engine 

1000 0 
1500 0 
1200 0 
5000 0 

power r (kW) ) X 2:: Speed (km/h) 

60 0 
200 0 
220 0 
400 0 

differr both with respect to the engine characteristic 
andd with respect to the wing characteristic. 

Here,, we give a more elaborated example of the 
Weitzmann measure applied to continuous data, and 
wee explain the different stages in the calculation of 
Weitzman'ss diversity measure. In the case of contin-
uouss data, the distance among two observations can 
bee measured in Euclidean space. The Euclidean dis-
tancee between products that are described by multi-
plee product characteristics, can be calculated using 
Pythagoras'' formula. However, distances in a multi-
dimensionall  Euclidean space are dependent upon the 
unitt of measurement (km/h, miles/h, etc.). For this 
reason,, one usually normalises the univariate dis-
tancee using the mean value (cf. Saviotti, 1988). So 
wee have for the multivariate case: 

I(XI(X 1M1M-X-X11 \2 (x2i-x2\
2 

(7) ) 
forr sets containing N observations. 

Considerr the following observations on two char-
acteristicss of four aircraft models in Table 2. Using 
formulaa (7) we can calculate the pair-wise nor-
malisedd Euclidean distance for the product popula-
tion.. The results are given in Table 3. 

Too calculate the diversity in the set of observa-
tionss we apply to this matrix Eq. (6), following the 
'Theoremm of fundamental representation' (Weitz-
man,, 1992) that allows to reduce the number of 

Tablee 3 

Matrixx of normalised Euclidean distances 

pii  P2 P! in 
PII  0 
P22 0.677 0 
P33 0.733 0.165 0 
P44 2.402 1.848 1.929 0 
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operations.. The first step is to look for the two 
productss that are closest in the set {PI,... P4}  which 
aree P2 and P3 having a distance equal to 0.165. 
Then,, the value of the diversity is given by: 

K(P1,P2,P3,P4)) =max(F(PI,P2,P4), 

K(Pl,P3,P4))+rf(P2,P3) ) 

Thee respective matrices of the two subsets are given 
inn Table 4. 

Then,, we repeat the procedure for the two sub-
sets: : 

K(P1,P2,P4)) =max(F(Pl ,P4), F(P2,P4)) 

++ </(Pl,P2) 

== </(Pl,P4)+</(Pl,P2) 
== 2.402 + 0.677 
== 3.079 

K(PI,P3,P4)) = max(F(Pl,P4), F(P3,P4)) 

++ </(Pl,P3) 
== rf(Pl,P4)+cf(Pl,P3) 

== 2.402 + 0.733 
== 3.135 

Thee maximum likelihood recursion of the matrix of 
Euclideann distances then adds up to: 

V(S)V(S) = 0.165 +2.402 + 0.733 = 3.300 

Thee resulting evolutionary tree becomes: 

2.4022 f 1 

0.7333 | 1 

0.1655 | i 

PII  P2 P3 P4 

Weitzman'ss measure thus indicates me most likely 
structuree of differentiation within a product popula-
tionn based on some measure of distance between 
products.. The crucial difference of the entropy mea-
suree with Weitzman's measure holds that the former 
takess into account the relative of frequency of prod-
uctt variants while Weitzman is solely based on their 
distance.. Therefore, the two variety measures are 
complementarycomplementary as they indicate different aspects of 

Tablee 4 
Subsetss of original matrix in Table 3 

PI I 
P2 2 
P4 4 

PI I 

0 0 
0.67 7 7 
2.40 2 2 

P2 2 

0 0 
1.84 8 8 

P4 4 

0 0 

PI I 
P3 3 
P4 4 

PI I 

0 0 
0.73 3 3 
2.40 2 2 

P3 3 

0 0 
1.92 9 9 

P4 4 

0 0 

varietyy related to different subject matters. Entropy is 
especiallyy indicative for standardisation trends since 
thee lower the entropy value of a distribution, the 
higherr the skewness of the distribution. Thus, en-
tropyy measurement is particularly informative with 
regardd to the emergence of a dominant design, which 
leadss to lower entropy values. Weitzman's measure 
dealss with the degree and structure of differentiation 
withinn a population. The measure is based on a 
notionn of distance between different products, and 
thuss indicates the extent in which products are lo-
calisedd in niches in characteristics space. 

Notee that, in principle, Weitzman's measure of a 
productt population may be high when the entropy 
valuee is low. This is the case when a single design 
dominatess the population, but alternative designs 
survivee in regions in the characteristics space that lie 
veryy far from the dominant design, Weitzman's mea-
suree may also be low when the entropy is high. This 
iss the case when many product designs co-exist 
whichh have more or less equal shares in the popula-
tion,, but which lie very close to another. 

Thee repetitive procedure underlying Weitzman's 
measuree of breaking up sets into subsets implies that 
thee computing time doubles for each observation 
added.. This exponential growth in computing time 
limitss the application of Weitzman's measure to 
smalll  datasets given the state of current computing 
technologyy (maximum about 25 observation). There-
fore,, in the following, we are forced to work with 
relativelyy small sets. 

4.. Application and results 

Wee applied the entropy measure and Weitzman's 
diversityy measure to four databases containing dis-
cretee and continuous product characteristics. The 
dataa concern 731 aircraft models (years 1913-1984), 
1444 helicopters (years 1940-1983), 80 motorcycles 
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(yearss 1911-1996) and 4917 microcomputers (years 
1983,, 1984, 1988, 1992-1997). The description of 
thee data including their sources is listed in Appendix 
A.. Each product is assigned a date corresponding to 
itss year of introduction. Information on the year of 
itss removal and its sales in between the year of 
introductionn and removal is lacking, so we are forced 
too measure variety on the basis of new products per 
periodd considered. Thus, the product population con-
cernss the distribution of product characteristics of 
neww product offerings. Our variety measure thus 
focusess on the technological evolution of an industry 
ass expressed in changes of product characteristics in 
neww product models over time and not on the indus-
triall  evolution in terms of market shares (see also, 
Frenkenn et al., 1999). 

4.1.4.1. Periods with constant number of observations 

Thee number of new products introduced per year 
differss greatly for all our datasets. Thus, the distribu-
tionn of new product offerings is not uniform in time. 
However,, to analyse the change of variety of a 
productt population over time, we preferably deal 
withh periods containing the same number of observa-
tions,, since the Weitzman measure is sensitive to the 
numberr of observations. For each observation added 
too the set, which is different from other observations 
inn the set, the Weitzman measure increases. There-
fore,, we divided the data sets chronologically in 
periodss containing the same number of observations 
N.N. By keeping the number of observations constant 
perr period, we are able to measure the changes in 
varietyy which are due to the changes in the composi-
tiontion of a population which interests us here. By 
doingg so, we normalise for variety effects caused by 
thee number of observations per periods. This is 
anotherr way of saying that we are interested in 
varietyy in event time instead of in real time, since 
updatess in technological systems are constituted by 
thee events that take place within the system (cf. the 
lock-inn model, Arthur, 1989). We thus take as events 
thee introduction of new product models. 

Thee need for normalisation poses a problem since 
thee constitution of chronological periods of N cases 
oftenn requires that we assign data within a single 
yearr to different periods. For example, if we would 
havee 12 observations in year 1901 and eight observa-
tionss in year 1902, and if we would want to consti-

tutee two periods each containing ten observations 
(N=(N= 10), then we need to assign two observations 
off  year 1901 in the second period. To avoid under-
andd over-estimations, we divided the data several 
timess by random assignment (five times for aircraft, 
threee times for helicopters and motorcycles). Since 
thee computing time needed to calculate Weitzman's 
measuree grows exponentially with the number of 
observations,, we are forced to work with relative 
smalll  number of observations per period. 6 We have 
chosenn N= 17 for aircraft yielding 43 periods, N = 
122 for helicopters yielding 12 periods, and N= 10 
forr motorcycles yielding eight periods. In the follow-
ing,, we plot variety values per period and not per 
year. . 

Thee data on microcomputers poses an another 
problemm since the number of observations per year is 
overr 100 observations, while the computing require-
mentss of Weitzman's measure are only practical for 
aa maximum number of about 25 observations. For 
thiss reason, we are in need of a representative sample 
off  the observations of microcomputers for each year. 
Thiss has been done by the following procedure: first, 
wee calculated the average Euclidean distance be-
tweenn all observations. Then, we ranked the observa-
tionss by their average Euclidean distance from the 
lowestt distance to the highest distance. Thus, we 
havee a ranking of products from product models that 
aree on average very similar to the rest, up to product 
modelss that are on average very dissimilar to the 
rest.. Then we divided the rank distribution in 17 
groups,, and picked randomly one observation from 
eachh group. This procedure has been repeated three 
times,, thus yielding three samples for each year. So, 
wee have three samples of N= 17 microcomputers 
forr each year. Different from the data on the other 
threee technologies, we can list the variety values of 
microcomputerss per year and not per period. 

4.2.4.2. Results 

Fourr each of the four technologies, the entropy of 
discretee product characteristics and the Weitzman 
measuree of discrete and continuous product charac-
teristicss have been calculated. In total, we obtain 

66 The calculation takes 10 s for 17 observations. For each 
observationn added computing time doubles. 
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Fig.. 4. (a) Enlropy value on discrete variables of aircraft, (b) Weitzman's measure on discrete variables of aircraft, (c) Weitzman's diversity 
measuree on continuous variables of aircraft. 
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Fig.. 5. (a) Entropy on discrete variables of helicopters, (b) Weitzman's measure on discrete variables of helicopters, (c) Weitzman's measure 
onn continuous variables of helicopters. 
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Fig.. 6. (a) Entropy on discrete variables of motorcycles, (b) Weitzman's measure on discrete variables of motorcycles, (c) Weitzman's 
measuree on continuous variables of motorcycles. 
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Fig.. 7. (a) Entropy on discrete variables of microcomputers, (b) Weitzman's measure on discrete variables of microcomputers, (c) 
Weitzman'ss measure on continuous variables of microcomputers. 
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122 graphs. The three variety measures on aircraft 
dataa are listed in Fig. 4(a-c), on helicopters in Fig. 
5(a-c),, on motorcycles in Fig. 6(a-c), and on micro-
computerss in Fig. 7(a-c). Note that in the case of 
aircraft,, helicopters and motorcycles, the variety is 
plottedd per period and not per year. The years that 
correspondd to each period are listed in Appendix B. 
Thee main result holds that for all four technologies, 
thee long-run trends indicate a clear direction in the 
varietyy trends: for helicopters and microcomputers 
decreasingg variety, and for aircraft and motorcycles 
wee find increasing variety (except for the continuous 
dataa on motorcycles). These pronounced differences 
suggestt that the various determinants of variety are 
too a large extent industry-specific. 

Thee decreasing trends in variety in Figs. 5 and 7 
pointt product standardisation in helicopters and mi-
crocomputers.. Thus, with regard to these technolo-
gies,, the results do not contradict the emergence of a 
dominantt design. Product characteristics of heli-
copterr and microcomputers tend to converge both in 
termss of their frequency distribution as indicated by 
thee entropy, and in terms of their differentiation 
structuree as indicated by Weitzman's measure. The 
resultss on helicopters correspond to earlier findings 
off  a study by Saviotti and Trickett (1992) which was 
basedd on different measurements. 

Byy contrast, the results on aircraft and motorcy-
cless suggest that standardisation trends have been 
onlyy temporary. The overall rising trend does not 
implyy that variety has not been decreasing at particu-
larr stages of development. In Fig. 4 on aircraft 
variety,, we find a slightly decreasing trend around 
periodss 12-22, which corresponds to the years 
1933-1942.. The Douglas DC3 introduced in 1936 
mayy well be responsible for this trend as it is com-
monlyy viewed as the dominant design in the history 
off  aircraft (Miller and Sawers, 1968; Constant, 1980). 
Inn Fig. 6 on motorcycles, we find the lowest variety 
valuess for period 2, which corresponds to the period 
1937-1949.. Again, this may point to the short period 
off  standardisation related to the emergence of a 
dominantt design in the late thirties (notably, the 
Triumphh Twin Speed introduced in 1937, see Brown, 
1996). . 

Thee general results thus support the dominant 
designn thesis, but they also show that the decrease in 
varietyy as a result of a dominant design has been 

onlyy a temporary phenomenon in the history of 
aircraftt and motorcycles. In these cases, the emer-
gencee of a dominant design has been of limited 
impactt on the future course of technological devel-
opment.. Therefore, even if dominant designs are 
foundd to be a general phenomenon in technological 
evolution,, its impact on the future course of product 
developmentt and variety is to a large extent indeter-
minate.. 7 The dominant design thesis is thus to be 
extendedd with theoretical propositions regarding the 
dynamicss of product competition over long periods 
off  time. 

5.. Niche theory 

Thee differences in the trends of variety in the four 
technologiess suggest that the evolution of variety is 
ratherr specific to particular features of a technology 
andd its market environment. In order to understand 
thesee differences, we need to introduce some consid-
erationss about the dynamics of the emergence and 
developmentt of technological populations. Accord-
ingg to a model of technological evolution based on 
replicatorr dynamics (Saviotti and Mani, 1995; 
Saviotti,, 1996) the rate of creation of new technolog-
icall  populations is proportional to the volume in 
servicee characteristics space of a pre-existing popula-
tion.. The volume in service characteristics space is a 
measuree of the scope of the technology, that is, of 
thee range of services it can perform. A technology 
cann be expected to split into a number of niches 
proportionall  to the width of the range of services it 
cann provide, corresponding to a process of specialisa-
tion.. Increases in variety can thus be considered as a 
formm of technological division of labour. 

Thiss result corresponds to the predication by niche 
theoryy in biology, according to which the number of 
nichess that can be created in a given habitat is 
proportionall  to the size of the habitat (May, 1973). 
Off  course, we do not expect niche theory to apply 
unchangedd to an economic environment. However, 
thee idea that the number of niches is proportional to 
thee range of services performed seems rather intu-

77 A period of temporary standardization within a dominant 
design,, and a subsequent increase in technological variety has also 
beenn found for agricultural tractors on the basis of a descriptive 
statisticc (Saviotti, 1996). 
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itive.. Indeed, the range of services provides us with a 
measuree of the differentiability of a given product 
technology.. However, we will later see that niche 
theoryy needs to be adapted in order to explain all 
resultss obtained in this paper. 

5.1.5.1. Aircraft, helicopters and motorcycles 

Thee differences between trends in aircraft variety 
inn Fig. 4 and helicopter variety in Fig. 5 can be 
understoodd on the basis of niche theory. The ranges 
off  services provided by aircraft (e.g., ranges of speed, 
off  maximum take-off weight and of range) are much 
widerr than those provided by helicopters. The range 
off  helicopter technology is currently limited to speed 
levelss of about 350 km/h, and flight range of about 
12000 km. Thus, while the aircraft industry can spe-
cialisee and form niches (e.g., high-speed/low-
payload,, low-speed/high-payload, etc.), helicopter 
industryy is already a niche. Importantly, the possibili-
tiess to increase the range of services of helicopters 
aree limited by the presence of relatively cheaper 
aircraftt technology in the ranges of services above 
thosee of helicopters (Taylor, 1995). Thus, the limited 
varietyy in helicopters can be partly explained by the 
inter-technologicall  competition between aircraft and 
helicopters. . 

Fromm the niche-theoretical framework, it can be 
derivedd that the emergence of a dominant design in 
aircraftt cannot be expected to reduce technological 
varietyy per se when this dominant design leads to 
rapidd increases in the range of services a technology 
cann supply. Closer examination of aircraft data re-
vealss that designs are at best dominant in a given 
subsett of the technology, which corresponds to par-
ticularr niches. 'Turbofan + swept wing' predomi-
natess in medium-speed, long-distance, high-payload 
aircraft,, 'turbojet + delta wing' predominates in 
high-speed,, medium-distance, low-payload aircraft, 
andd 'turboprop + straight wing*  predominates in 
low-speed,, short-distance, low-payload aircraft. Thus, 
aa dominant design is specific to particular niches in 
characteristicss space (Frenken et al., 1999). Further-
more,, even within helicopter technology the most 
frequentt design being the design incorporating two 
turboshaftt engines and one rotor, is dominant only in 
aa statistical sense. A subset of the technology, large 
militaryy helicopters, has a different design incorpo-
ratingg two rotors. However, such a type of helicopter 

iss developed only in very small numbers and thus 
nott influence importantly the variety values. 

Withh regard to the changes in variety of motorcy-
cles,, the trend is most pronounced for discrete char-
acteristicss in Fig. 6(a-b). The Weitzman measure on 
continuouss characteristics of motorcycles in Fig. 6(c) 
showss a cyclic pattern. In this figure, we find that at 
twoo stages of development, variety falls (in period 2 
andd periods 5-6), while in the last two periods 
varietyy increases rapidly again. This is an interesting 
resultt since it shows that the continuous and discrete 
variabless of motorcycles can behave differently in 
thee course of time. Such a difference is understand-
ablee if we take into account that discrete variables 
oftenn measure the presence or absence of a certain 
designn feature. In this case, the changes in design 
featuress are not necessarily accompanied by a change 
inn variety of a continuous variable measuring the 
levell  of related service of the corresponding design 
feature.. Thus, to the extent that new features are 
addedd to the technology, the variety as measured by 
discretee variables may increase. At the same time, 
thee continuous variables related to the performance 
levell  of services may decrease if the performance of 
technologicall  models converges, even when a greater 
numberr of design features have become available. 
Alternatively,, this result may point to an omission of 
somee important continuous characteristics to which 
designn features may be related, such as the noise 
level,, acceleration capacity, and fuel efficiency. 

Thee two drops in the Weitzman measure on con-
tinuouss characteristics of motorcycles in period 3 
andd periods 5-6 correspond to the years 1956-1961 
andd 1969-1985. During these two periods, a strong 
standardisationn tendency took place in power and 
speed.. In period 3, the majority of motorcycles con-
cernedd models with a power level around 50 hp and 
aa speed level around 150 km/h. And, during periods 
55 and 6, the majority of motorcycles concerned 
modelss with a power level around 100 hp and a 
speedd level around 220 km/h. Interestingly, after 
periodd 6, variety in continuous characteristics in-
creasedd rapidly again, as light four-stroke models 
foundd a niche at the lower end of the market (low-
power,, low-speed). These models are typically used 
forr short-distance transport in cities. Other niches 
concernn heavy, medium-speed four-stroke models for 
longg distance transport, and the lighter, high-speed, 



K.K. Frenken et al./Research Policy 28 (1999) 469-488 483 3 

two-strokee sport models. Thus, the recent rise of 
varietyy in motorcycles resembles the technological 
developmentt in aircraft, since in both cases, the rise 
inn variety relates to the wider scope of services the 
technologyy can supply in the course of time. 

Summarising,, the changes in variety are related to 
thee extent to which innovation can increase the range 
off  services of a technology. In the history of aircraft, 
thiss range of services has been increasingly steadily 
andd in various dimensions. In the history of motorcy-
cles,, the trend is less clear, but clearly increasing in 
thee latter stage of development. In helicopter tech-
nology,, technological change did not increase the 
rangee of services since inter-technological competi-
tionn with aircraft technology limited the commercial 
possibilitiess of high-performance helicopters. 

5.2.5.2. Microcomputers 

Thee change in variety of microcomputers in Fig. 7 
cannott be explained in relation to the changes in the 
rangee of services. Microcomputers were created as a 
nichee but have become a very large market. The 
rangee of services that microcomputers are technically 
capablee to supply, has increased rapidly as the speed 
andd memory performance have risen at fast rates. 
However,, the decreasing trend in variety suggests 
that,, contrary to aircraft and motorcycles, the degree 
off  differentiation has actually decreased. Thus, in the 
casee of microcomputers, we do not observe a posi-
tivee relation between scope of services and variety. 

Onee particular feature of computers is a rate of 
changee in performance, sometimes described as 
Moore'ss law, which is about an order of magnitude 
greaterr than that of any other technology. Another 
importantt feature of microcomputer industry con-
cernss the very rapid convergence of most manufac-
turerss on some features, such as the MS-DOS operat-
ingg system or the generalised inclusion of hard-disk, 
CD-ROMM etc. These standardisations relate to the 
presencee of network externalities, since the exchange 
off  electronic information requires compatibility 
amongg users. The emergence of technical standards 
cann thus be expected to decrease variety (Arthur, 
1989). . 

Thuss what seems to have characterised the evolu-
tionn of microcomputers is the combination of an 
extremelyy rapid rate of technological change and of 

ann extremely rapid rate of standardisation. The result 
off  all this has been that the performance of all 
microcomputers,, even the bottom-of-the-range mi-
crocomputers,, has improved enormously. The lower 
endd of the market continuously disappears as rapid 
technicall  change decreases the competitiveness of 
low-performancee product models. Importantly, to 
purchasee a high-performance micro-computer is not 
aa luxury, but a necessity in consequence of the 
complementarityy between the hardware and the soft-
ware.. New software allows users to benefit from 
servicess that are entirely unavailable by means of the 
olderr software, but that require high-performance 
computerss since these cannot be run on the older 
computers.. For example, Internet can only be ac-
cessedd by means of computers having a minimum 
configurationn of processor, memory, disk drive, etc. 
Thus,, there is a very high rate of induced obsoles-
cencee that renders hardware unusable long before it 
iss physically worn out. 

Thee results can thus be explained only by making 
referencee to the demand for microcomputers. If con-
sumerss had no interest in purchasing high-perfor-
mancee computers, then producers could not keep 
offeringg them. The services accessible with new 
combinationss of hardware and software come at a 
pricee comparable to that of previous vintages of 
hardwaree and software. In fact, the services accessi-
blee by means of the new hardware and software 
quicklyy become an important competitive advantage 
forr firms. High-performance computers also serve a 
devicee for the continued participation in social net-
workss for individuals who exchange electronic infor-
mation.. Thus, consumers' utility is sharply increased 
byy purchasing higher performance microcomputers, 
whilee a strong disutility would be associated with 
purchasingg older, lower performance micro-com-
puters,, even if they were available at a lower price. 
Thee range of services does not increase, because 
maximumm performance keeps growing while mini-
mumm performance increases at a comparable speed. 
Alternatively,, we can say that low technology niches 
inn microcomputers would be structurally unstable 
andd would rapidly become extinct. 

Nichee theory, at least in the form in which it is 
formulatedd in biology, seems in this case incapable 
off  explaining all the results obtained in this paper. 
Wee can observe that an important difference between 
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aircraftt and microcomputers is that, while the upper 
boundd of the services performed increases rapidly in 
bothh cases, although much more rapidly in the case 
off  microcomputers, the cost at which such services 
becomee available falls rapidly in the case of micro-
computers.. Two variables are then determining the 
possibilityy of differentiation and thus of variety 
growth.. These are the range of services performed 
andd the range of prices at which such services are 
supplied.. In the case of aircraft the range of prices 
increasess rapidly with the range of services provided 
ass evidenced by the decrease in the number of 
high-performancee models introduced on the market, 
whilee in the case of microcomputers the prices per 
unitt of performance fall very rapidly. 

Thee determinant of variety that we can consider is 
thee ratio of the range of prices to the range of 
servicess performed. If this ratio increases we can 
expectt differentiation and thus variety to grow. On 
thee other hand, if the ratio of the range of prices to 
thee range of services falls, we can expect de-differ-
entiationn and thus variety to fall. Niche theory has to 
bee modified in order to be adapted to economic 
analysis.. The nature of this modification is under-
standablee when we bear in mind that the resources 
consideredd by biologists as the determinants of the 
numberr of niches are given, e.g., seeds of different 
sizess that relate to beaks of different sizes. In con-
trast,, the services provided by a product technology 
aree created at a cost, and such cost needs to be added 
too the range of services as a further determinant of 
varietyy growth. Of course, for the moment this can-
nott be more than a hypothesis, because we do not 
havee the price data that would allow us to test such a 
hypothesis.. It constitutes, however, an example that 
biologicall  theories, while they can be useful for 
askingg new questions about economic systems, can-
nott be expected to provide biological answers to 
economicc problems. 

Beforee concluding, it must be pointed out that the 
resultss we obtain for microcomputers might be partly 
duee to the nature of our data. The differentiation of 
thee software available seems to be increasing as a 
consequencee of the increasing number of applica-
tionss of computer technology. Since our data concen-
tratee on hardware features, they obviously underesti-
matee this increasing variety. It may well be the case 
thatt the convergence on a dominant design (MS-

DOSS + , CDROM) coupled with sharp reductions in 
thee costs of computing, has made it possible for 
relatedd technologies to emerge. The growing range 
off  both software and of other IT based technologies 
(e.g.,, cellular phones, pagers, etc.) is an example of 
thiss trend. 

Summarising,, we started by trying to explain the 
relativee change of variety of aircraft with respect to 
helicopterss by means of niche theory, a theory of 
biologicall  origin. While this theory could explain the 
differencess in the evolution of aircraft compared to 
helicopters,, and to a lesser extent the evolution of 
motorcycles,, it was subsequently unable to explain 
thee case of microcomputers. We then proposed to 
modifyy niche theory by introducing the range of 
productt prices in addition to the range of services 
performed.. This extended version of niche theory 
cann in principle explain our results, although we are 
forr the moment unable to do a complete test of it due 
too the unavailability of price data for all technolo-
gies.. This is a further example that biological theo-
riess cannot be used unchanged in economics, but that 
theyy need to be adapted. 

6.. Summary and conclusions 

Inn this paper, we described two different measures 
off  variety, and reported the results of the application 
off  the two measures to aircraft, helicopters, motorcy-
cless and microcomputers. The need for the two 
measuress of variety that we presented in this paper 
arosee in order to test a series of theoretical proposi-
tionss about the role of qualitative change in eco-
nomicc development. The results show important dif-
ferencess in the behaviour of the four technologies. In 
twoo cases, aircraft and motorcycles, there is a gen-
erall  increase in variety, while in the other two cases, 
helicopterss and microcomputers, variety falls. A 
comparisonn between aircraft and helicopters shows 
thatt the much wider range of services provided by 
aircraftt allows for the creation of many niches while 
thee narrow range of services provided by helicopters 
constitutess a niche within which further subdivision 
iss not possible. Microcomputers, while being a tech-
nologyy in which the range of services performed has 
increasedd very rapidly, are characterised by a very 
highh rate of cost reductions and by strong demand 
inducementss to purchase high-performance models. 
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Thiss combination, determined by the complementar-
ityy of hardware and software and by the strong 
disutilityy of remaining behind, induces a very rapid 
obsolescencee of lower performance microcomputers, 
thuss eliminating the lower part of the range of 
services. . 

Thee width of the range of services provided by 
thee technology thus constitutes an important determi-
nantt of technological variety. Whether such range is 
alreadyy wide at the birth of the technology or whether 
itt becomes wide due to a high rate of growth, such a 
widee range provides the analogue of a biological 
habitatt into which a large number of niches can be 
created,, thus raising the variety of the system. How-
ever,, in presence of a rapidly growing performance, 
thee range of services does not necessarily increase if 
sharpp reductions in costs remove the lower range of 
services. . 

Ourr results have also important implications for 
thee concept of dominant design. In the technologies 
wee studied dominant designs appear, but they are not 
ass dominant as implied by the initial version of the 
concept.. For example, in aircraft several designs 
coexist,, one in each of the niches into which the 
technologyy can be subdivided. This can be consid-
eredd a technological division of labour, which origi-
natedd historically as each design established itself in 
aa niche in which it had a comparative advantage. 
Moreover,, even in a technology, which does not 
subdividee itself, several designs may co-exist, with 
onee of them being statistically dominant, that is 
beingg embodied in the majority of the models sold. 
Thee multiple surviving designs, whatever the number 
off  models in which they are embodied, specialise in 
supplyingg those services in which they have a com-
parativee advantage. 

Ourr discussion suggests a number of directions in 
whichh future research can be pursued. First, confir-
mationn of the determinants of variety discussed in 
thiss paper is required. This involves further empirical 
analysiss of these and of other technologies. Second, 
thee factors determining the growth of variety dis-
cussedd here can be incorporated in simulation mod-
elss of technological evolution and of firm behaviour. 
Third,, at a higher level of aggregation, the variety 
measuress can be used to study the relationships 
betweenn variety growth on the one hand and output 
growth,, employment growth and trade growth on the 
otherr hand. 
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Appendixx A. Description of the data 

Aircraft Aircraft 
Numberr of observations: 731 
Timee span: 1913-1984 

Sources Sources 
Jane'ss (1978) Jane's Encyclopedia of Aviation 
(London:: Jane's Publishing) 
Jane'ss (1989) Jane's Encyclopedia of Aviation 
(London:: Studio Editions) 

DiscreteDiscrete variables (classes within brackets) 
Enginee type (Piston propeller, Turboprop, 

Turbojet,, Turbofan, 
Rocketmotor) ) 

Numberr of engines (One, Two, Three, Four, Six, 
Eight,, Twelve) 

Wingg type (Straight, Delta, Swept, 
Variablee swept) 

Numberr of wings (Monoplane, Biplane, 
Triplane) ) 

Numberr of tails (One, Two) 
Numberr of booms (One, Two, Three) 

ContinuousContinuous variables 
Enginee power (kW) 
Wingspann (m) 
Lengthh (m) 
Maximumm take-off weight (kg) 
Maximumm speed (km/h) 
Rangee (km) 
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Helicopters Helicopters 
Numberr of observations: 144 
Timee span: 1940-1983 

Sources Sources 
Jane'ss (1978) Jane's Encyclopedia of Aviation 
(London:: Jane's Publishing) 
Jane'ss (1989) Jane's Encyclopedia of Aviation 
(London:: Studio Editions) 

DiscreteDiscrete variables (classes within brackets) 

Source Source 
Whatt PC? Vols. 1983, 1984, 1988, 1992-1997 

Enginee type (Piston,, Piston turbo, 
Ramjet,, Gas generator, 
Turboshaft) ) 
(One,, Two, Three) 
(Two,, Three, Four, Five, 
Six,, Seven, Eight) 
(One,, Two) 

Numberr of engines 
Numberr of blades 

Numberr of shafts 
Numberr of rotors per shaft (One, Two) 

ContinuousContinuous variables 
Enginee power (kW) 
Rotorr diameter (m) 
Lengthh (m) 
Maximumm take-off weight (kg) 
Maximumm speed (km/h) 
Rangee (km) 

Motorcycles Motorcycles 
Numberr of observations: 80 
Timee span: 1911-1996 

Source Source 
Brownn (1996) 

DiscreteDiscrete variables (classes within brackets) 
Enginee type 

Numberr of cylinders 

Coolingg system 

(Two-stroke, , 
Four-stroke) ) 
(One,, Two, Three, 
Four,, Six) 
(Byy air, By water, 
Byy oil) 

ContinuousContinuous variables 
Volumee (cm3) 
Powerr (hp) 
Weightt (kg) 
Maximumm speed (km/h) 

Microcomputers Microcomputers 
Numberr of observations: 4917 
Timee span: 1983, 1984, 1988, 1992-1997 

DiscreteDiscrete variables 
Processorr type 

Operatingg system 

RS2322 ports 
Monitor r 
Colourr display 
CD-ROM M 
Portable e 

(classes(classes within brackets) 
(Z80,, Z80a, Z80 twin, 
Mn602,, NSC800, Z800, 
6809/6809e,, Z80 + 6502, 
2*Z80a,, Z80b + 8088, 
68099 + 6800e, 
2**  8085/2 *8085e, 
80855 + 8083, 8088 + 8087, 
80888 + 8086,6301,6502, 
6509,, 6510, 6800, 6809, 68000, 
8083,, 8085-8085a-8085a2, 
8086,, 8088, 9900, 286, 
386SXX compatible, 386DX, 
3866 SL, 486, 486SX(2), 486DX, 
486DX2,, 486DX4, 486SLC(2), 
486SL(2),, 486SLE, 486SL2, 
486SXL,, IntelV25, PENTIUM, 
PENTIUMPRO,, ARN, AMD, 
NECV20,, ThompsonDX2, 
ThompsonDX4,, 586, 
IBM6x86,, IBM686, IBMBL, 
DellLatitude,, NexgenNx586, 
SunSparkl,, SunSpark2, V30) 
(DOS,, CPM, DOS and Others, 
CPMM and Others, Others, 
Ownn System, Cassette, DOS 
andd CPM, DOS or Windows3.1, 
DOSS and Windows3.11, DOS or 
Win3.111 or Win95, System7.5, 
System7.55 and Win95, Win95, 
DOSS and Win_for_workgroups, 
Win3.111 and Win_for_work-
groups,, DR DOS5, DR DOS6, 
IBMM DOS, PC DOS) 
(One,, Two, Three, Four) 
(Yes,, No) 
(Yes,, No) 
(Yes,, No) 
(Yes,, No) 

ContinuousContinuous variables 
Speedd (MHz) 
RAMM (kilobits) 
Harddiscc memory (kilobits) 
Floppyy memory (kilobits) 
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Appendixx B. Years for  each period 

AircraftAircraft (731 observations; 43 periods of 17 observations) 
1.. 1913-1916 2. 1916-1917 3. 1917 
5.. 1919-1923 6. 1923-1926 7. 1926-1928 
9.. 1929-1931 10. 1931-1932 11. 1932-1933 
13.. 1934-1935 14.1935 15. 1935-1937 
17.. 1937-1938 18. 1938-1939 19. 1939 
21.. 1940-1941 22. 1941-1942 23. 1942-1943 
25.. 1944-1945 26. 1945-1948 27. 1948-1950 
29.. 1953-1954 30.1954-1956 31. 1956-1958 
33.1959-19622 34.1962-1963 35. 1963-1965 
37.. 1967-1968 38. 1968-1970 39. 1970-1971 
41.. 1974-1976 42.1976-1978 43. 1978-1984 

4.. 1917-
8.. 1928-
12.. 1933 
16.. 1937 
20.. 1939 
24.1943 3 
28.1950 0 
32.. 1958 
36.. 1965 
40.. 1971 

1919 9 
1929 9 
-1934 4 

-1940 0 
1944 4 

-1953 3 
-1959 9 

1967 7 
-1974 4 

HelicoptersHelicopters (144 observations; 12 periods of 12 observations) 
1.. 1940-1954 2. 1954-1957 3. 1957-1959 
5.. 1961-1963 6. 1963-1966 7. 1966-1967 
9.1971-19744 10.1974-1978 11.1978-1981 

4.. 1959-1961 
8.. 1967-1971 
12.. 1981-1983 

MotorcyclesMotorcycles (80 observations; 8 periods of 10 observations) 
1.1911-19377 2.1938-1955 3.1956-1961 
5.. 1969-1975 6. 1975-1982 7. 1983-1993 

4.. 1961-1968 
8.. 1994-1996 
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Abstract t 

Usingg entropy statistics we analyse scaling patterns in terms of changes in the ratios among product characteristics of 143 
designss in civil aircraft. Two allegedly dominant designs, the piston propeller DC3 and the turbofan Boeing 707, are shown 
too have triggered a scaling trajectory at the level of the respective firms. Along these trajectories different variables have 
beenn scaled at different moments in time: this points to the versatility of a dominant design which allows a firm to react to a 
varietyy of user needs. Scaling at the level of the industry took off only after subsequently reengineered models were 
introduced,, like the piston propeller Douglas DC4 and the turbofan Boeing 767. The two scaling trajectories in civil aircraft 
correspondingg to the piston propeller and the turbofan paradigm can be compared with a single, less pronounced scaling 
trajectoryy in helicopter technology for which we have data during the period 1940-1996. Management and policy 
implicationss can be specified in terms of the phases of codification at the firm and the industry level. © 2000 Elsevier 
Sciencee B.V. All rights reserved. 

Keywords:Keywords: Aircraft; Dominant design; Scaling trajectory; Probabilistic entropy; Competence 

1.. Introductio n 

Utterbackk and Abernathy (1975) proposed the 
conceptt of a product life-cycle to describe technolog-
icall  evolution at the level of an industry. At the start 
off  a product life-cycle, a variety of product designs 
iss being developed. The competition between designs 
iss eventually resolved into a dominant design. Here-
after,, innovation concentrates on process innovation 
andd incremental product innovation given the domi-

""  Corresponding author. Tel: +33-476-825-412; fax: +33-476-
825-455;; E-mail: frenken@grenoble.inra.fr 

11 Tel: +31-20-525-6598; fax: +31-20-525-6579; E-mail: 
loetfachem.uva.nl. . 

nantt design. Nelson and Winter (1977) and Dosi 
(1982)) described a series of incremental innovations 
withinn a stable design framework as a natural trajec-
toryy or technological trajectory, respectively. Along 
aa trajectory, development is guided and constrained 
byy a set of heuristics which make up a technological 
paradigm.. The trajectory concept can be appreciated 
ass the dynamic analogue of the concept of a domi-
nantt design. 

Nelsonn and Winter (1977; 1982) and Sahal (1981; 
1985)) stressed that trajectories do not only concern 
periodss during which the basic technological princi-
pless remain unchanged, but also a stage of incremen-
tall  scaling of designs. A prime example of a series of 
scaledd models in civil aircraft has been the piston 
propellerr DC-trajectory. The scaling of the engine 

0048-7333/00/$$ - see front matter © 2000 Elsevier Science B.V. All rights reserved. 
Pll::  S()048-7333(99)O0037-2 
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power,, wing span, and fuselage length have led to 
improvementss in speed by a factor of two, and in 
maximumm take-off weight and range by a factor of 
fivefive from the introduction of the DC3 in 1936 to that 
off  the DC7 in 1956 (Miller and Sawers, 1968; 
Jane's,, 1978). 

Thee main heuristic of many technological 
paradigmss concerns the scaling of designs by means 
off  step-by-step improvements. However, specific de-
signn principles function only within a limited range 
off  function levels, outside of which a structural 
redesignn becomes necessary. As Sahal (1985) (p. 62) 
formulatedd it: "(t)he point of departure of the theory 
advancedd here is the well-known observation that 
changee in size of an object beyond a certain point 
requiress changes in its form and structure as well." 
Thus,, technological development within a paradigm 
mustt come to an end at some point in time. This 
expectationn justifies the idea that technological 
paradigmss exhibit life-cycles. 

Forr example, in the case of piston propeller air-
craftt technology, the life-cycle came to an end when 
,itt was understood that the functioning of propellers 
wouldd decrease rapidly as cruising speed approached 
thee speed of sound. Engineers envisaged that further 
scalingg would become increasingly more difficult to 
realisee due to non-linear rises in vibration and heat 
generation.. Constant (1980) introduced in this con-
textt the concept of a presumptive anomaly. In the 
casee of piston propeller technology the presumptive 
anomalyy was circumvented by developing turbopro-
pellers,, rocket, jet, and turbofan engines as alterna-
tivee technologies. The turbofan engine technology 
basedd on jet propulsion would eventually provide the 
basicc technology for a new technological paradigm. 
Similarly,, the quest for down-scaling computers led 
too a series of technological paradigms (vacuum tubes, 
transistors,, integrated circuits). 

AA new paradigm has to compete during its initial 
phasee with the momentum invested in the previous 
technology.. A period of experimentation and recom-
binationn can be expected during which established 
firmss may fall behind and new firms enter the mar-
kett (Anderson and Tushman, 1990). At this point, 
variouss firms follow their own trajectories which 
competee for dominance at the industry level. This 
competitionn process is resolved into a new dominant 
designn which lays down a new set of heuristics. 

However,, market segmentation may cause a bifurca-
tionn of trajectories as different design trajectories 
meett segregated market demands (Teubal, 1979; 
Forayy and Griibler, 1990; Frenken et al., 1999). In 
thee case of civil aircraft, turbofan aircraft with swept 
wingss has become the dominant technology, but 
turbopropellerr aircraft with straight wings is still 
usedd in short-range airline operations. 

Whilee single products can be expected to exhibit a 
life-cyclee at the level of the firm, families of prod-
uctss are expected to exhibit a business cycle at the 
levell  of the industry (Foray and Garrouste, 1991). 
Thee frequencies of these cycles are of different 
orderss of magnitude (Simon, 1969). The method-
ologicall  problem is how to account for developments 
onn both the micro-level and the macro-level. Below, 
wee develop a scaling measure based on information 
theoryy which will enable us to analyse the data at the 
levell  of individual firms, at the industry level, and in 
relationn to each other. 

2.. Methods 

2.1.2.1. Technical and service characteristics 

Statisticall  studies on patterns in technological 
changee during the product life-cycle are based on a 
varietyy of data sources. 2 Following Saviotti and 
Metcalfee (1984), we shall use product characteristics 
too describe and compare product designs. The analy-
siss is based on time-series of product characteristics 
forr 143 civil aircraft used primarily for the trans-
portationn of passengers on a commercial basis (thus, 
cargoo aircraft and business aircraft are excluded). 
Thee data was for a large part available from a 
previouss project (Saviotti and Bowman, 1984), and 
wass extended to the year 1997. Data sources include 
thee encyclopedia of Jane's (1978; 1989; 1998), Chant 

22 These data sources include prices, sales, entry-exit and patent 
dataa (Gort and Klepper, 1982), innovation counts, sales, entry-exit 
andd productivity data (Klepper and Simons, 1997), product char-
acteristics,, sales and entry-exit data (Tushman and Anderson, 
1986;; Anderson and Tushman, 1990), patent data (Malerba and 
Orsenigo,, 1996), and product characteristics (Sahal, 1981, 1985; 
Saviotti,, 1996; Frenken et al., 1999). 
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Tablee 1 
Descriptionn of data on civil aircraft. Number of cases: 143, time 
period:: 1913-1997, scope: all countries (cf. Saviotti and Bowman, 
1984) ) 

Productt  characteristics 

Technical Technical 
(1)) Engine power 
(2)) Wing span 
(3)) Fuselage length 

Service Service 
(4)) Take-off weight 
(5)) Speed 
(6)) Range 

Unitt  of measurement 

Kilowat t t 
Meter r 
Meter r 

Kilogram m 
Kilometerr  per  hour 
Kilometer r 

(1990),, Green and Swanborough (1982). A descrip-
tionn of the characteristics is provided in Table 1. 

Saviottii  and Metcalfe (1984) distinguished be-
tweenn technical and service characteristics of prod-
ucts.. Technical characteristics were defined as vari-
abless that can directly be manipulated by producers 
(e.g.,, engine power). Variables that users take into 
accountt in their purchasing decisions (e.g., speed), 
weree considered as service characteristics. Producers 
attemptt to raise the product's service characteristics 
byy manipulating technical characteristics, while users 
expresss their wants through the formulation of a set 
off  service characteristics and their values. 3 Product 
designss then, can be considered as "interfaces" 
betweenn supply and demand (Simon, 1969). These 
interfacess can be represented in terms of trade-offs 
betweenn technical and service characteristics. Tech-
nologicall  innovations then, can be considered as 
improvementss in these trade-offs. 

Thee process of product design contains an ongo-
ingg search between users and producers for an opti-
mall  match between technical and service specifica-
tions.. In the case of product innovation, uncertainty 
prevailss on the side of both the producer and the user 
(Clark,, 1985; Andersen, 1991). Users are expected to 

Thee characteristic approach to technological innovation can 
bee considered an adaptation of the demand approach by Lancaster 
(1966).. While Lancaster needed only a set of service character-
istics,, an analysis of technological innovation requires a represen-
tationn of the supply side as a set of technical characteristics. See 
also,, Saviotti (1996). 

selectt particular designs on the basis of functions, 
butt new user wants can be envisaged when new 
combinationss of technical characteristics become 
possible.. Therefore, the assumption of a stable mar-
kett environment selecting upon a variation of tech-
niquess solely on the basis of prices, can no longer be 
takenn for granted. For example, the engine power 
neededd to fly an aircraft of a certain size is bounded 
byy technical principles, but its fuel consumption 
bearss on the operating costs taken into account by 
users.. The relative technical and commercial impor-
tancee of engine power is thus at variance over time. 
Thee distinction between technical and service charac-
teristicss is not always easy to apply. The scaling 
measuree as developed below takes into account all 
relationss between characteristics, whether defined as 
aa technical or a service characteristic, thus solving 
thee definition problem without losing its conceptual 
meaning. . 

Scalingg trajectories can be expected when the 
definitionss of and the relationships between various 
characteristicss of a product become stabilised 
("closure").. Innovations aiming at scaling may be 
motivatedd by signals internal to the technology; the 
scalingg in some parts of a technology can generate 
imbalancess in other parts which in turn call for 
adjustmentss (Rosenberg, 1969). During scaling pro-
cesses,, however, the overall design architecture and 
thee set of functions of a technology remain largely 
invariantt over prolonged periods of time. Rather, 
technicall  and service characteristics can then be ex-
pectedd to co-evolve (Windrum and Birchenhall, 
1998).. A quantitative empirical analysis should en-
ablee us to indicate these periods of relative stability. 

2.2.2.2. A dynamic distance measure based on informa-
tiontion theory 

Designss make up the interface between supply 
andd demand as it is expressed in the various trade-offs 
amongg characteristics. Scaling then, is indicated when 
thesee trade-offs remain stable over time. We will 
modell  the trade-offs by using the ratios among all 
sixx characteristics, thus taking into account both the 
relationss among and between technical and service 
characteristics.. Scaling may affect all these ratios. If 
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nonee of the trade-offs is changed, the scaling is not 
innovative. . 

Forr example, for the product characteristics of the 
Douglass DC3 we have: engine power = 1636 kW, 
wingspanwingspan = 28.96, fuselage length = 19.63, take-off 
weightweight = 12701 kg, speed =21r4 km/h, and range 
== 1650 km. The 30 ratios starting from engine 
power/wingspann till range/speed are: 

56.491712 7 7 
0.017701 7 7 
O.011998 8 8 
7.763447 4 4 
0.167481 7 7 
1.008557 5 5 

83.341823 77 0.128808 8 5.970802 9 
1.475292 99 0.002280 1 0.105693 4 
0.677831 55 0.001545 5 0.071642 3 

0.991515 2 2 
0.017551 5 5 
0.011897 0 0 

438.570442 00 647.019867 5 46.354014 6 7.697575 8 
9.461326 00 13.958227 2 0.021573 1 
56.975138 11 84.055017 8 0.129911 0 

0.166060 6 6 
6.021897 8 8 

Thiss set of ratios can be considered as a probabil-
ityy distribution (pit...tp30) by dividing each ratio 
byy the sum of the ratios. In this manner, we obtain a 
probabilisticc representation for each aircraft. 

Inn order to analyse the scaling development in 
subsequentt product designs, one is in need of a 
distancee measure between the representations in terms 
off  probability distributions. Using information the-
ory,, one is able to calculate on the basis of a 
distributionn the expected information content con-
tainedd in the message that the distribution has 
changedd as a next design was introduced on the 
markett using the following formula (Theil, 1969, 
1972): : 

Kl\p)=Kl\p)=  E fc log2( ?,-/ƒ»,) 0) ) 

Thee expected information content of the a posteriori 
distributionn (? , , . .. ,<730) given the a priori distribu-
tionn (/?[,... ,pJ0) can also be considered as an infor-
mation-theoreticall  distance between product designs 
inn terms of scaling. If none of the trade-offs was 
changed,, the probability distribution has remained 
thee same. Compared with the previous product, such 
aa design would be a perfectly scaled version. In that 
case,, every q{ is equal to its corresponding ƒ>,, so 
thatt / vanishes, since log2(l ) = 0. It can be shown 
thatt otherwise I is positive (Theil, 1972, p. 590: the 
messagee that change has occurred is expected to 
containn information or, in other words, a probabilis-
ticc entropy is generated. 

Inn the following, we shall use ƒ as a measure of 
thee degree of scaling between two product designs: 
thethe lower the value of I, the more similar are the 
ratiosratios between two product designs and the more the 
latterlatter design can be considered as a scaled version 
ofof the former design. Note that our approach differs 
fromm that of Sahal (1981; 1985) who used parametric 
testss on scaling constants over long periods of time. 
Wee do not assume that scaling has a unequivocal 
directionn throughout the process of scaling. 

Forr example, if we want to compare the distribu-
tionn of ratio values of the Douglas DC4 with the 
Douglass DC3, we take the DC3 as the a priori 
distributionn (p,,...,p30), and the DC4 as the a 
posteriorii  distribution {qx,... ,q30). As done for the 
DC33 above, one is able to calculate the ratios be-
tweenn the product characteristics of the DC4, and 
dividee these ratios by the sum of ratios to obtain the 
envisagedd representation of the DC4. Using formula 
(1),, we can then calculate the scaling distance be-
tweenn these two product designs, that is, the / 
(DC4IDC3). . 

2.3.2.3. A measure of critical transition 

Thee advantage of the algorithmic approach be-
comess clear when we compare three instances in a 
seriess like the sequence of three products A-B-C. 
Inn a geometrical representation of differences be-
tweenn three products designs in an Euclidean space, 
thee distance between A and C will be smaller than 
thee sum of the distances between A and B and 
betweenn B and C (Theorem of Pythagoras). In con-
trast,, the information-theoretical distance between 
twoo products A and C being l(C\A) is not necessar-
ilyy smaller than the sum of the distance between 
productss A and B being I(B\A) and between prod-
uctss B and C being I(C\B). 

Threee designs A, B, and C, and their respective 
distancess / are depicted in Fig. 1. Design A pre-
cedess B, and B precedes C. Using the dynamic 
informationn measure, it is possible that the sum of 
thee intermediate distances between A and B, and B 
andd C, will be smaller than the distance between A 
andd C. In this case: 

I(B\A)+I(C\B)<I{C\A) I(B\A)+I(C\B)<I{C\A) (2) ) 
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Designn B (t+1) 

Designn A (t)  Design C(t+2) 
I(C\A) I(C\A) 

time e 

Testt  for  critical transition: I(B\A)  + 1(C\B) < I(C\A) 

Fig.. 1. Schematic representation of a product sequence with 
informationall  distances. 

Thiss formulation is equivalent to: 

I(B\A)+I(C\B)-I(C\A)<0I(B\A)+I(C\B)-I(C\A)<0 (3) 

Iff  this inequality is confirmed, the transition from 
designn A to design C via design B can be considered 
aa critical transition. 

Thee inequality enables us to evaluate the function 
off  the intermediary. In the normal case, one expects 
ann intermediate design B in a series A-B-C to 
improvee the prediction of design C in comparison to 
aa previous design A, that is, I(C\B) < I(C\A). In 
thee case of a critical transition, however, the sum of 
thee intermediate informational distances (I(C\B) + 
KB\A))KB\A)) is smaller than the informational distance 
betweenn design A and design C U(C\A). From the 
perspectivee of design C, the "signal" sent by design 
AA was amplified by design B as an auxiliary trans-
mitterr to such an extent that design B "boosts" the 
signall  from A (Leydesdorff, 1992, 1995). Thus, the 
transitionn is critical for the further path of the devel-
opment. . 

Wee use the term "critical transition" rather than 
"path-dependentt transition", because the concept of 
path-dependencyy was defined by Arthur (1989) in 
relationn to the non-ergodic technological develop-
mentt in networks of adopters. We measure historical 
seriess of individual designs (David, 1985; cf. Foray, 
1998),, where a critical transition holds that a single 
designn has reoriented the scaling pattern into a new 
direction.. Below, we apply this measure to se-
quencess in aircraft designs, taking the Douglas DC3 
andd the Boeing 707 as intermediate designs, since 

thesee two designs have been identified as dominant 
designss (e.g., Constant, 1980; Gardiner, 1986b). 

2.4.2.4. Scaling measurement at the level of the industry 

Thee probability distribution of ratios provides us 
withh a unified representation of each product design 
inn the dataset. This enables us to measure scaling 
patternss in a series of product designs. For example, 
wee will analyse below the scaling trajectories in the 
Douglass and Boeing companies. The trajectory no-
tion,, however, also refers to an industry-wide con-
vergencee in scaling patterns. In order to measure 
scalingg trajectories at this level of aggregation, one 
needss to compare each product design with all other 
designss relevant in the competition. 

Althoughh each observation maintains a distance 
fromm all other observations in the dataset, not all 
observationss are relevant for the comparison. We are 
interestedd in the development and competition in 
certainn periods. The population thus has to be deter-
minedd dynamically. The data show that the major 
developmentt cycles of individual firms have been 
thee DC3-MD11 series with an average frequency of 
aa new product each 5.6 years, the Boeing 707-777 
seriess with an average of 6.2 years, and the Fokker 
F-seriess with an average of 8 years. Since pre-war 
productt development cycles were usually consider-
ablyy smaller than post-war cycles, we have simpli-
fiedfied our computations by using a time window of 5 
yearss after the year of introduction. Thus, we com-
paree the design of an aircraft introduced in, say, 
1936,, with all designs introduced during the period 
1937-1941.. However, we have tested our results for 
theirr robustness by changing the time-frame to 10 
yearss (e.g., 1937-1946). This did not affect our 
conclusions. . 

Onn the one hand, a test of scaling at the industry 
levell  needs to take into account the rate of diffusion 
off  the ratios between product characteristics. On the 
otherr hand, the codification of design principles as-
sociatedd with the emergence of a dominant design 
alsoo implies a convergence of particular design prin-
cipless that have been developed in the past (Dosi, 
1982).. Thus, the coming into existence of a scaling 
trajectoryy at the industry level is essentially a two-
sidedd phenomenon. It refers both to the diffusion of 
designn principles, and to the convergence of design 
principles.. These phenomena are different: the diffu-
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sionsion of particular design principles does not neces-
sarilysarily imply convergence of design principles, since 
aa design can be scaled in various different and 
potentiallypotentially divergent directions. For example, some 
aircraftt firms may scale a dominant design with 
respectt to maximum take-off weight, others with 
respectt to speed, and still others with respect to 
range.. Hence, to indicate scaling, one needs to dis-
tinguishh between the diffusion of design principles 
throughh time and the convergence of design princi-
pless that can be observed in retrospect. 

Inn our information-theoretical framework, these 
differentt dynamics call for a change in the a priori 
andd the a posteriori frames of reference. In the case 
off  diffusion of a design through time, the frame of 
referencee is a particular product design as the a priori 
expectationn of future designs. The diffusion of a 
productt design can then be measured by its distance 
// following formula (1) to all the members of the 
technologicall  population as a posteriori events at 
nextt moments in time (Fig. 2a). The average of 
/-valuess is then obtained by dividing the sum of 
/-valuess by the number of comparisons N during the 
respectivee 5 years of observation. This average value 
indicatess the extent to which a design has diffused 
throughoutt the industry. Diffusion here refers to the 
subsequentt scaling of a particular product design, 
andd not the diffusion of an aircraft in terms of its 

sales.. Remember that I{q\p) is an inverse indicator: 
aa low I-value indicates a high degree of diffusion of 
aa product design, while a high I-value indicates a 
lowlow degree of diffusion. 

Thee hypothesis that a scaling trajectory is charac-
terisedd by common heuristics among firms, holds 
thatt ratios between product characteristics will tend 
too converge. The degree of convergence, then, is 
indicatedd by the distances between all the products in 
aa population that preceded a product, when taking 
thee latter as the frame of reference with hindsight 
(Fig.. 2b). Thus, the single design introduced later in 
timee is taken as a yardstick, while the population of 
productss preceding this design during 5 years is 
consideredd the set of events relevant for the evalua-
tion.. Thus, an aircraft introduced in, say, 1936 is 
comparedd with all design introduced during the pe-
riodd 1931-1935. The average of the /-values indi-
catee the degree of convergence, where a low I-value 
indicatesindicates a high degree of convergence and a high 
I-valueI-value indicates a low degree of convergence. 

3.. A stylised history of civil aircraf t 

Beforee turning to the computational results, let us 
brieflyy return to the expectation. We have used the 
civill  aircraft industry since the history of its techno-

(a) ) 

designn (p, p10} at time t 

Populationn at time t+1.. .t+5 (size=N) 

designn (p, pj at time I 

Populationn at time t-1.. .t-5 (size=N) 

Fig.. 2. Schematic representation of diffusion and convergence analysis. 
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logicall  developments is one of the best documented. 
Bothh historians and economists have analysed these 
technologicall  developments in considerable detail 
(Millerr and Sawers, 1968; Constant, 1980; Moweiy 
andd Rosenberg, 1982; Sahal, 1985; Gardiner, 
1986a,b;; Vincenti, 1990; Bilstein, 1996). Although 
thesee studies differ in perspectives and in the levels 
off  their quantitative and qualitative measurements, 
theree is general consensus on the following findings. 

(1)) The early history of civil aircraft, covering 
roughlyy the period between 1920 and 1935, is char-
acterisedd by a large variety of designs and a small 
markett demand. The main bottleneck concerned the 
limitedd range of flight, which rendered the competi-
tivenesss of this technology low compared to the 
servicess of trains and boats. 

(2)) In the 1930s, new product designs in the 
Unitedd States allowed for long-range airline opera-
tionss at reasonable speed levels. As a result, aircraft 
out-competedd trains in terms of speed, comfort, and 
pricee over long distances (e.g., coast-to-coast flights). 
Thee Douglas DC3, an all-metal, monocoque piston 
propellerr monoplane with two engines placed at the 
wings,, is commonly considered as the dominant 
design.. Because of the rapid increase in market 
demandd for cheap air-traffic, learning curves of the 
DCC were particularly steep. The total production of 
thee DC3 was over 10,000 models, including military 
productionn (Jane's, 1978). 

(4)) During the 1950s, market demand in European 
countriess increased rapidly. Some European produc-
erss followed the successful American piston pro-
pellerr aircraft, while other firms used turbopropeller 
aircraftt (e.g., Vickers, Fokker). Early attempts of 
DeHavillandd and Aerospatiale to commercialise jet 
enginee technology in civil aircraft failed. 

(4)) In the late 1950s, a second revolution in civil 
aircraftt design took place as the Boeing company 
successfullyy introduced the Boeing 707, a long-range 
turbofann aircraft that had been redesigned from this 
company'ss bomber line. The introduction of the 
Boeingg 707 was followed by a series of turbofan 
aircraftt labelled the 700-series. In the late 1960s, 
McDonnelll  Douglas and Lockheed succeeded in in-
troducingg long-range turbofan aircraft at competing 
pricee levels. Only a few European and Soviet aircraft 
designerss developed civil turbofans, while others 
focusedd on short-range turbopropeller planes. 

(5)) Finally, during the 1970s and 1980s, turbofan 
technologyy diffused throughout the market for 
mediumm and long-range distance flights. Most re-
cently,, within the segment of short-range aircraft 
whichh has traditionally been covered by turbo-pro-
pellerr aircraft, turbofan technology has also pene-
trated,, rendering the diffusion of this new paradigm 
nearlyy complete (Jane's, 1998). 

Inn summary, two major breakthroughs have taken 
placee which revolutionised the civil aircraft industry. 
Thee advent of the Douglas DC3 in the mid-1930s, 
whichh opened up a mass market and imposed a 
dominantt design in piston propeller aircraft, and the 
introductionn of the Boeing 707 in the late 1950s, 
whichh radically extended payload, speed and range 
capabilitiess using turbofan engine technology and 
sweptt wings. The production and operating costs of 
thesee designs and their subsequent follow-up models 
(thee DC-series and the 700-series, respectively) de-
creasedd rapidly as a result of high sales. Both the 
DC33 and the Boeing 707 are said to have reoriented 
designn principles at the industry-wide level. In the 
remainderr of this article we will focus on the ques-
tionss of whether these two designs have generated 
criticall  transitions, and whether their introduction 
forcedd the industry to follow a common scaling 
trajectory. . 

4.. Critical transitions at the firm level 

4.1.4.1. The Douglas DC3 

Usingg the inequality given in formula (3), product 
sequencess including the Douglas DC3 as the inter-
mediatee design (B in Fig. 1) and the Douglas DC4 
ass the follow-up design (C) were used for testing 
whetherr the DC3 marked a dominant design for the 
Douglass company. As preceding designs (A), we 
selectedd thirteen historically important precursors in-
cludingg the Boeing 247D and Fokker's Trimotor, 
whichh have been identified as the DC3's major 
competitorss at the time (Miller and Sawers, 1968). 
Tablee 2 shows the results of the tests on critical 
transitionss in product sequences that include the DC3 
andd the follow-up DC4 model, as defined in formula 
(3)) above. The negative values indicate critical tran-
sitions,, while positive values indicate non-critical 
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Tablee 2 
Testt for critical transitions in the case of the Douglas DC3 

Productt sequence Country y Valuee (in bits) 

Lockheedd Vega (5B)-DC3-DC4 
Douglass M.4-DC3-DC4 
Northropp Delta-DC3-DC4 
Lockheedd Electra-DC3-DC4 
Fordd Trimotor-DC3-DC4 
Boeingg 247D-DC3-DC4 
Boeingg M.80-DC3-DC4 
Fokkerr F. 10 Trimotor-DC3-DC4 
Armstrongg Whitworth Argosy-DC3-DC4 
Junkerss J.52-DC3-DC4 
Heinkell  HE 111-DC3-DC4 
Potezz 62 (0)-DC3-DC4 
Blochh M.B. 220-DC3-DC4 

US S 
US S 
US S 
US S 
US S 
US S 
US S 
US/Netherlands s 
UK K 
Germany y 
Germany y 
France e 
France e 

-0.0354 4 
-0.0267 7 
-0.0247 7 
-0.0191 1 
-0.0165 5 
-0.0138 8 
-0.0033 3 
-0.0128 8 
++ 0.0034 
-0.0035 5 
++ 0.0018 
-0.0022 2 
++ 0.0057 

transitions.. The results show that the DC3 consti-
tutedd a critical transition with respect to all aircraft 
designss preceding the DC3 within the United States. 
Forr some European aircraft models, the test do not 
indicatee a critical transition. The results show, how-
ever,, that the DC3 has reoriented the design princi-
pless for the Douglas company as compared to previ-
ouss aircraft models within the US market. 

Wee also tested Douglas DC/MD-series which 
succeededd the emergence of the DC3 for critical 
transitions.. These results are listed in Table 3. Ex-
ceptt for DC7-DC8-DC9 sequence, no critical tran-
sitionss have taken place. The DC8 implied a funda-
mentall  reorientation of design principles, since from 
thenn (1967) onwards, Douglas used turbofan engines 
insteadd of piston propeller engines. Obviously, turbo-
fann technology implied a set of new design princi-
pless (including swept wings which allowed for a 

smallerr wing span in relation to fuselage length). The 
ratioss between product characteristics hence were 
organisedd in a new manner and scaled according to 
neww heuristics. In the history of the Douglas com-
pany,, we can thus distinguish a piston propeller and 
aa turbofan trajectory. 

Duringg all other transitions, no reorientation in 
designn principles took place within the series. All 
modelss developed before the DC8 concerned piston 
propellerr aircraft, which all built upon the DC3-de-
sign,, but in different respects. For example, the DC4 
wass a up-scaled version of the DC3, while the DC5 
wass a down-scaled version of the DC3. The DC6 
wass a faster version of the DC4 made possible by its 
pressurisedd cabin which allowed for higher altitudes. 
Thee DC7 was marked by its long range. The models 
developedd after the DC8 concern turbofan aircraft. 
Again,, scaling pursued different directions from the 

Tablee 3 
Testt for critical transitions along the Douglas DC-trajectory 

DC3-DC4-DC5 5 
DC4-DC5-DC6 6 
DC5-DC6-DC7 7 
DC6-DC7-DC8 8 
DC7-DC8-DC9 9 
DC8-DC9-DC10 0 
DC9-DCI0-MD80 0 
DC10-MD80-MD11 1 
MD80-MD11-MD85 5 

++ 0.0290 
++ 0.1710 
++ 0.0136 
++ 0.0037 
-0.0176 6 
++ 0.0251 
++ 0.0463 
++ 0.0407 
++ 0.0284 

Tablee 4 
Testt for critical transitions in the case of the Boeing 707 

Productt sequence 

Lockheedd Constellation-707-727 
Boeingg 377 Stratocruiser-707-727 
Douglass DC7-707-727 
Bristoll  Britannia-707-727 
Dee Havilland Comet-707-727 
Vickerss Viscount-707-727 
Aerospatialee Caravelle-707-727 

Country y 

US S 
US S 
US S 
UK K 
UK K 
UK K 
France e 

Valuee (in bits) 

-0.0305 5 
-0.0297 7 
-0.0180 0 
-0.0187 7 
-0.0157 7 
-0.0093 3 
-0.0083 3 
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DC88 onwards: the DC9, MD 80 and MD 85 are all 
down-scaledd aircraft in all product dimensions. The 
DCC 10 is also smaller than the DC8 but has a higher 
enginee power and maximum take-off weight. Finally, 
thee MD11 is the largest aircraft developed by Mc-
Donnelll  Douglas exceeding all previous aircraft in 
termss of engine power, length, maximum take-off 
weightt and speed. 

Thee results show that along both the piston pro-
pellerr trajectory DC3-DC7 and the turbofan trajec-
toryy DC8-MD85, various characteristics have been 
scaledd at different stages and in different directions. 
Thee (McDonnell) Douglas company could thus react 
too shifting technical problems and market opportuni-
tiess while building on a set of design principles 
whichh only once has undergone a critical change. 
Thiss dynamic can be related to the notion of Rosen-
bergg (1969) on shifting technological imbalances 
alongg a technological trajectory which direct re-
searchh efforts as focusing devices. Furthermore, the 
versatilityy of a dominant design allows a firm to 
meett a variety of user needs by means of scaling the 
designn into different directions. The robust nature of 
aa dominant design is an important source of competi-
tivee advantage over other firms (Clark, 1985). 4 

4.2.4.2. The Boeing 707 

Inn 1957, Boeing introduced the 707 as a new civil 
aircraftt using turbofan engine technology. This air-
craftt has allegedly served as a dominant design for 
thee subsequent 700-series. Using our methodology, 
wee tested product sequences including the Boeing 
7077 as the dominant design (B in Fig. 1) and the 
Boeingg 727 as the follow-up design (C). 5 As preced-
ingg designs (A)t we used the latest developments of 
thatt time in piston propeller aircraft (Boeing 377, 
Douglass DC7, Lockheed Constellation), state-of-the-

Gardinerr  (1986b) (p. 143) distinguishes between robust and 
leanlean designs: " a robust design is one that brings together  several 
neww divergent lines of development to form a new 'composite' 
design,, which is then internally adjusted to form a new 'consoli-
dated''  design, which is then further  developed as a variety of 
'stretched''  design. Lean designs fail at one, two, or  more often all 
threee of these stages". Gardiner  mentions the DC3 and the Boeing 
7077 as examples of robust designs in the history of civil aircraft . 

Thee Boeing 717 has never  been used for  civil services. 

TableS S 
Testt  for  critical transitions along the Boeing 700-trajectory 

707-727-7377 +0.0362 
727-737-7477 +0.0676 
737_747_7577 +0.0349 
747-757-7677 +0.0155 
757-767-7777 -0.0026 

artt models in turboprops (Vickers Viscount, Bristol 
Britannia),, and early jet and turbofan aircraft 
(Aerospatialee Caravelle, DeHavilland Comet). The 
resultss are listed in Table 4. All precursors are found 
too yield critical transitions when compared with the 
Boeingg 707 and its successor the Boeing 727. Again, 
thee results confirm the hypothesis that the allegedly 
dominantt design marked a critical transition for the 
Boeingg company. Contrary to the results for the 
DC3,, we find that the Boeing 707 implied a reorien-
tationn with respect to all precursors considered here, 
irrespectivee of the country of origin. 

Testingg the trajectory development within the 
Boeingg 700-series (Table 5), we found that only the 
mostt recent transition is critical, while all other 
transitionss were found non-critical. The result for the 
mostt recent transition suggests that it was not the 
developmentt of the 707, but the development of the 
7677 that laid the basis for the 777. As was the case in 
Douglass DC3, Boeing's dominant 707 design has 
beenn elaborated in various directions. The 727 and 
thee 737 were down-scaled models using three and 
twoo engines, respectively, instead of the four-engine 
set-upp of the 707. The 747 is a up-scaled wide-body 
versionn with four engines, while the 757, 767 and 
7777 all incorporated two engines. 

5.. Diffusion and convergence at the industry level 

Inn the previous section, we have analysed devel-
opmentss in aircraft design in terms of product se-
quences.. The results indicate that both the DC3 and 
thee Boeing 707 reoriented design principles when 
comparedd with their precursors. The results so far 
suggestt only that the DC3 and the Boeing 707 have 
functionedd as dominant designs at the firm level. 
Thesee designs, however, are not necessarily the dom-
inantt designs that diffused throughout the industry. 
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Thiss question must be analysed in terms of dynamics 
att the level of the entire population of products. 

5.1.5.1. The results on diffusion 

Ass explained in Section 2, one is able to calculate 
ann average value of the expected information content 
forr each product design in relation to relevant suc-
cessivee designs ("diffusion") and in relation to its 
precursorss ("convergence"). As an indicator of the 
ratee of the diffusion of a design, the average /-value 
wass computed for each product with respect to all 
productss introduced during the 5 years after its intro-
duction.. Note again that a product with a low /-value 
referss to a product design which has diffused to a 
largee extent in the sense that its trade-offs have been 
scaledd in succeeding products. A product with a high 
/-valuee has not diffused in the sense that succeeding 
designss have used rather different trade-offs. Note 
alsoo that diffusion here concerns the subsequent scal-
ingg of a particular product design, and is not to be 
confusedd with the diffusion of an aircraft in terms of 
itss sales. 

Thee results on the diffusion values are plotted in 
Fig.. 3. Each point refers to one aircraft model. The 
curvaturee suggests two cycles, each consisting of two 
stages:: an experimentation stage with high /-values 
(thatt is, a low rate of diffusion) and a diffusion stage 
withh low /-values (a high rate of diffusion). These 
resultss correspond to the cyclic dynamic of scaling 
trajectories,, which are associated with particular 
technologicall  paradigms as discussed above (cf. 
Constant,, 1980). 

Duringg the first cycle of piston propeller aircraft 
technology,, the 1942-Douglas DC4 (/ = 0.024) and 
thee 1944-Boeing 377 "Stratocruiser" (/ = 0.028) 
aree among the smallest values indicating their impor-
tancee at the industry population level. Both these 
designss concern four-engined piston propeller air-
craftt that followed upon the two-engine versions of 
thee Douglas DC3 and the competing Boeing 247, 
respectively.. Thus, although the Douglas DC3 is 
widelyy considered to have laid down the dominant 
designn principles, it is the redesigned, four-engine 
versionn that diffused globally throughout the world 
market. . 

ooo 'hf* 
19500 1960 

Yearr  of firs t fligh t 

Fig.. 3. Diffusion /-values for civil aircraft. 
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Withh respect to the second cycle of aircraft with 
rurbofann engines, the Airbus-line A300-A310-A320 
introducedd during the 1980s is among the lowest 
valuess ( /= 0.046, / = 0.046, / = 0.034, respec-
tively).. These Airbus models were introduced during 
thee 1980s to compete with the Boeing 757 intro-
ducedd in 1982 and the Boeing 767 introduced in 
1981,, which have slightly higher /-values. Also in 
thiss case, we find that although the Boeing 707 
introducedd in 1957 can be considered as a dominant 
designn at the firm level, the global diffusion of this 
designn was based on subsequently redesigned mod-
els. . 

5.2.5.2. The results on convergence 

Ass explained above, the convergence measures 
aree obtained by comparing the entire population of 
aircraftt during a period of 5 years with a single 
designn introduced thereafter, in order to measure the 
extentt to which a new design has followed the 
existingg practice at the industry level. The results are 

plottedd in Fig. 4. A cyclic dynamic similar to the 
previouss figure can be observed reflecting the con-
vergingg to a common scaling heuristics. The curva-
turee is similar to the trends observed in Fig. 3, but 
thee lower bounds and upper bounds of the conver-
gencee values concern different models, as evidenced, 
forr example, by a time-lag of about 15 years between 
thee respective minima. 

Thee first paradigm based on a four-engined piston 
propellerss configuration, emerged in the late 1930s 
whenn convergence values started to decrease. It lasted 
til ll  the mid-1960s. During this period, the lowest 
valuess are those of the 1951-Douglas DC6 ( / = 0.029 
bits),, the 1957-Douglas DC7 (7=0.038 bits). The 
loww convergence values in the 1950s indicate that 
thee scaling trajectory became global in this period. 

Duringg the 1950s, three aircraft models show high 
/-valuess indicating that these designs deviated from 
thee paradigmatic heuristics. These models were: (i) 
thee first French turbofan powered Caravelle, intro-
ducedd in 1955, which could fly over 775 km/h, but 
whichh failed in the market partly because of its poor 
rangee (only 1740 km); (ii) The 1951-DHC3 "Otter", 

mmamimmmjimm mmamimmmjimm 
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19500 1960 
Yearr  of firs t fligh t t 

Fig.. 4. Convergence /-values for civil aircraft. 
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whichh was the first STOL-aircraft introduced in the 
civill  market by DeHavilland Canada; and (iii ) the 
1955-Convairr CV 440, which was used for very 
shortt distance flights (below 500 km). These three 
modelss can be understood as attempts to find market 
nichesniches outside the trade-off specifications set by the 
prevailingg heuristics. Only the introduction of 
STOL-aircraftt stands for "Short Take-Off and Land-
ingg "-proved a successful strategy as evidenced by 
thee long-standing monopoly of DeHavilland Canada 
inn this particular segment. The monopoly lasted until 
thee introduction of STOL-aircraft by other firms 
duringg the 1970s and 1980s. The success of STOL-
aircraftt is obviously related to the fact that these 
aircraftt can be used on very short take-off and 
landingg strips, whereas a standard aircraft is useless 
inn such an environment. 

Thee second cycle leads to the paradigm of the 
two-enginee turbofan aircraft which emerged in the 
earlyy 1980s and is currently dominant in civil air-
craft.. The 1987-Airbus A320 (/ - 0.052), the 1993-
Fokkerr 70 (7=0.035), and the 1994-McDonnell 
Douglass MD90 ( /= 0.045) are among the designs 
withh the lowest values. Although the first successful 
introductionn of turbofan aircraft goes back to the 
1957-Boeingg 707 which laid the foundation for the 
Boeingg 700-series, it took about 30 years before the 
industryy converged to a common scaling trajectory. 

Inn other words, Boeing has been very successful 
inn partially "monopolising" its design principles 
becausee of high rates of learning-by-doing in the 
large-scalee production. A common scaling pattern at 
thee industry level has only emerged after the Euro-
pean-basedd Airbus penetrated the market. In the 
earlyy 1970s, Boeing's main competitors, McDonnell 
Douglass and Lockheed, focused on three-engined 
modelss in which one engine is integrated into the tail 
off  the aircraft. These models attempted to supply 
servicess similar to the Boeing 700-series, but are 
technicallyy different from Boeing's models. 6 This is 
evidencedd by some high /-values during this period, 
indicatingg that designs deviated from current prac-
tice.. The success of these models was only moderate, 
andd very few other firms followed their example. 

66 Except for the three-engine Boeing 727 (1960). Hereafter 
Boeingg abandoned this design concept. 

Firmss outside the United States focused on specific 
markett segments, such as supersonic speed (1969-
Concorde)) or short-range flights using turboprops 
(e.g.,, 1967-Fokker F28, 1972-Embraer 110). 

Thee delay in the establishment of the second 
technologicall  paradigm can further be explained by 
thee more general observation that the emergence of a 
paradigmm usually takes more time if a new paradigm 
iss competing with an already existing one. Firms that 
havee been successful in the old paradigm will tend to 
buildd upon their existing competencies. Since a new 
technologicall  paradigm includes a new set of design 
principles,, it can be expected to be competence-de-
stroying.stroying. For this reason, the threat of a new paradigm 
tendss to induce innovation in the older paradigm 
(Andersonn and Tushman, 1990). Indeed, some estab-
lishedd firms continued the further development of 
(turbo)propellerr technology during the 1960s and 
thereafter,, including BAe and Fokker. 

6.. Distinguishing types of innovation 

Althoughh the cyclical curvatures in Figs. 3 and 4 
aree similar, the time lag in the minimum and maxi-
mumm values suggests that individual designs have 
oftenn very different diffusion and convergence val-
ues.. In other words, those aircraft that had a strong 
impactt on the industry are not necessarily the ones to 
whichh previous designs have converged, and vice 
versa,, a design to which previous design converged, 
wil ll  not necessarily diffuse throughout the industry. 
Fourr types of designs can then be distinguished in 
termss of their diffusion value (high/low) and con-
vergencee value (high/low). This classification is 
summarisedd in Table 6, including some examples 
drawnn from the results on the civil aircraft industry. 

(1)) Designs in the south-west quadrant are typi-
callyy models that were developed during the heyday 
off  a paradigm. They can be considered as piecemeal 
improvementss along a scaling trajectory. The mod-
elss were typically developed between 1945 and 1960 
inn the case of the first cycle (in particular Douglas' 
DC-series),, and after 1980 during the second 
paradigmm period (Airbus 300-series and McDonnell 
Douglass MD-series). 

(2)) Designs in the north-east quadrant concern 
aircraftt which were initially quite different from their 
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Tablee 6 
Classificationn of product innovation in a diffusion/convergence matrix 

Loww diffusion /-value 
(largee impact on later design) 

Highh diffusion /-value 
(smalll  impact on later designs) 

Highh convergence /-value 
(deviantt from existing designs) 

Loww convergence value 
(followingg existing designs) 

(2)) breakthroughs; e.g., Douglas DC4, 
Boeingg 377, Boeing 767 

(1)) scaling trajectories; e.g., Douglas DC-series, 
McDonnelll  Douglas MD-series, 
Airbuss 300-series 

(3)) failures; e.g., seaplanes, 
biplanes,, supersonic aircraft 

(4)) niche-monopolies; e.g., 
Boeingg 747, STOL-aircraft 

predecessors,, but which were then been copied by 
manyy firms after their introduction. They can be 
consideredd as breakthroughs since these designs were 
originall  when compared with their precursors. These 
designss include the "success stories" of the Douglas 
DC44 and the Boeing 767. 

(3)) The category of designs that is located in the 
north-eastt quadrant differed radically from current 
practicee and did not diffuse throughout the industry. 
Thesee aircraft models can be considered as radical 
innovationss without appeal to other firms {failures). 
Mostt designs in this quadrant were introduced in the 
pre-warr period, including seaplanes (e.g., Handley 
Page),, biplanes (e.g., DeHavilland) and one-engine 
aircraftt (e.g., Northrop Delta, Lockheed Vega). In 
thee post-war period, these designs concern super-
sonicc aircraft which have been introduced in the late 
1960ss (Concorde, Tupolev 144). 

(4)) Finally, product designs in the south-east 
quadrantt have not been too different from their 
precursors,, but did not diffuse thereafter. These mod-
elss concern aircraft that specialized in a niche or 
obtainedd a monopoly within a mass-market. Prime 
exampless of designs that succeeded in occupying a 
nichee are the long-range turbofans (Boeing 747, 
Douglass DC8, Ilyushin IL-86) and DeHavilland 
Canadaa STOL-series. 

7.. Comparison with designs for  helicopters 

Thee same methodology was applied to a database 
containingg 180 helicopters (1940-1996), which was 
availablee from a previous study (Saviotti and Trick-

ett,, 1993) and which we updated to 1996 for present 
purposess using Jane's (1998). The only difference 
betweenn the aircraft and helicopters data is that 
helicopterss are described by the rotor diameter char-
acteristicc (in meters) instead of wingspan characteris-
ticc in the case of aircraft (also in meters). We used 
alll  helicopter types (military and civil) , since littl e 
differentiationn has taken place. The majority of mod-
elss are used for a variety of purposes (Bilstein, 
1996). . 

Thee results for the diffusion and convergence 
valuess of helicopters are plotted in Figs. 5 and 6. 
Thesee results indicate that the technological develop-
mentss have taken place more smoothly than in air-
craftt development. After an initial start-up phase 
duringg WW II, new helicopter models have continu-
ouslyy been introduced, while there is also ongoing 
diffusionn of previous models. No cyclic dynamic can 
bee discerned at the level of the industry which 
indicatess the absence of a pre-paradigmatic and 
paradigmaticc stage in helicopter technology. How-
ever,, some convergence has been taking place from 
thee 1960s onwards, as most helicopters incorporate 
twoo turboshaft engines and a single rotor which can 
bee considered as a slowly emerging dominant design. 
Thee recent fall in /-values may point to an emerging 
scalingg trajectory based on this technology. 

Ass noted, helicopters are used for a variety of 
veryy specific services such as low-altitude fights, 
ambulancee missions, transport of troops, and in off-
shoree activities. Compared to the aircraft industry, 
industryy sales are low. Furthermore, the market posi-
tionn of helicopters has been further impoverished by 
competitionn from STOL-aircraft which have been 
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Fig.. 5. Diffusion /-values for helicopters. 
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Fig.. 6. Convergence /-values for helicopters. 
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developedd since the 1950s. This type of aircraft can 
takee off and land using very short runways allowing 
itt to be used in a variety of natural environments, 
whichh has been one of the main advantages of 
helicopterss over other kinds of aircraft. The rela-
tivelyy small number of helicopter sales implies that 
thee impact of learning curves on subsequent techno-
logicall  development is much smaller than it has been 
thee case in the history of aircraft. This may explain 
whyy a sudden diffusion of and convergence to a 
commonn scaling trajectory, as observed twice in the 
civill  aircraft industry, has been absent in the history 
off  helicopters. Rather, technological development in 
helicopterr technology takes place gradually and tends 
too converge only slowly to a common scaling pat-
tern. . 

8.. Reconstruction of firm strategies 

Wee have argued that a dominant design at the 
levell  of the firm does not necessarily function as a 
dominantt design at the level of the industry. In the 
casess of both the DC3 and the Boeing 707 we found 
criticall  transitions, but the industry analysis showed 
thatt these models were not the dominant designs at 
thee level of the industry. The industry was going 
throughh a period of reengineering. The diffusion of a 
dominantt design throughout an industry forces firms 
too choose between following the principles of the 
emergingg dominant design or to continue their own 
designn line (unless a firm itself is at the basis of the 
dominantt design). Given these two dynamics, that is, 
att the level of the firm and at the level of the 
industry,, one can reconstruct each firm's product 
sequencee either as an elaboration of its own produc-
tionn line of designs or as a shift toward elaborating 
onn the dominant design emerging at the industry 
level. . 

Thesee alternative strategies can be tested in the 
twoo cases of competition between Boeing and Dou-
glass using the above model of a critical transition. 
First,, the product sequence that Boeing developed 
duringg the late 1930s after the dominant Douglas 
DC33 had emerged, can be compared with the as-
sumptionn of continuity in the firm's own develop-
ment.. Second, the product sequence which McDon-
nelll  Douglas developed during the 1960s after the 
dominantt Boeing 707 had been introduced, can be 

assessedd in terms of this firm's response to Boeing's 
breakthrough. . 

8.1.8.1. The impact of the DC3 on Boeing's firm se-
quence quence 

Twoo major designs were competing on the Ameri-
cann market in the 1930s: the Boeing 247 developed 
inn 1930 and the Douglas DC3 first put into service in 
1936.. The DC3 outcompeted the Boeing 247, as it 
hadd both a high speed and range level and allowed 
forr the transport of 21-28 passengers, whereas the 
Boeingg had only 10-12 passenger seats. Within 2 
yearss after its introduction, the DC3 was used by the 
majorityy of airliners (Jane's, 1978). Following the 
stunningg success of the DC3, Boeing decided to 
focuss on long-range, four-engine piston propeller 
aircraft.. Boeing developed the 307 Stratoliner in 
19388 and the 377 Stratocruiser of 1944 as successors 
too the Boeing 247. As noted, this design line has 
beenn successful in the competition with the DC-line. 

Thee history of Boeing's product sequence can be 
reconstructedd as either having followed up on the its 
ownn model, that is, the 247, or as in reaction to the 
DC3.. Table 7 lists the values of the test for critical 
transitionss for these two possible lines of reconstruc-
tion.. The first sequence, in which the development of 
thee 307 and the 377 is reconstructed as following up 
onn the Boeing 247D, shows a negative value, which 
indicatess that the Boeing 307 marked a critical tran-
sitionn with respect to Boeing's own design practice. 
Thee new product line 307-377 meant a reorientation 
withh respect to the 247 model. But if the product 
sequencee is reconstructed as a follow-up of the Dou-
glass DC3, the 307 does not exhibit a critical transi-
tion.. In other words, within a time span of only 2 
years,, Boeing's new designs were in line with DC3 
whichh would later become dominant at the industry 
levell  in its redesigned DC4-version. 

Tablee 7 
Reconstructionn of Boeing 307's precursor 

Productt sequence Value (in bits) 

Boeingg 247D-Boeing 307-Boeing 377 -0.0093 
Douglass DC3-Boeing 307-Boeing 377 + 0.0383 
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8.2.8.2. The impact of the Boeing 707 on Douglas' firm 
sequence sequence 

Afterr the successful introduction of the turbofan-
enginee Boeing 707 in 1957, Douglas started in re-
sponsee its own turbo fan line in 1967 with the DC8, 
whichh was followed by the DC9. Again, one is able 
too reconstruct the history of this product sequence as 
heraldedd by a previous design developed within the 
firm,, that is, the Douglas DC7 of 1956, or as follow-
ingg from the Boeing 707. The results for critical 
transitionss of the two reconstructions are listed in 
Tablee 8. Like in the previous case, the results show 
thatt the switch to a new product sequence marked a 
criticall  transition for the firm in question (here, 
Douglas).. However, when the product sequence is 
reconstructedd as a follow-up to the dominant Boeing 
7077 design, the sequence does not show a critical 
transition. . 

Bothh reconstructions show that a reorientation at 
thee level of the firm may be triggered by the emer-
gencee of a dominant design developed by a compet-
ingg firm. This reorientation implies an "unlearning" 
off  design principles incorporated in previous designs, 
andd a re-building of competencies associated with 
thee dominant design. This reorientation is indicated 
byy the critical transitions we found in the trajectory 
off  both firms as a reaction to the success of the 
competitor. . 

Notee the dynamics of the competition in relation 
too our results at the industry level. Companies reori-
entt their designs as a reaction to the success of a 
competitor'ss design. Reengineered designs then dif-
fusee thereafter throughout the industry. In the case of 
thee first piston propeller paradigm these designs 
concernn the DC4 in 1942 and the Boeing 377 in 
1944,, respectively (see Fig. 3). In the second turbo-
fann paradigm, the reengineered two-engine models 
Boeingg 757 and 767 and Airbus 300-310-320 
markedd the industry-wide diffusion of turbofan tech-

Tablee 8 
Reconstructionn of DC8's precursor 

Productt sequence Value {in bits) 

DC7-DC8-DC99 -0.0176 
Boeingg 707-DC8-DC9 + 0.0091 

noo logy in the early 1980s. Importantly, the global 
diffusionn throughout the industry of a common scal-
ingg pattern occurred only after the European com-
petitorss had reorganised themselves within the Air-
buss consortium. 

Thesee examples highlight the notion that the rele-
vantt level of analysis is expected to change during 
thee product life-cycle (Foray and Garrouste, 1991). 
Duringg the emergence of a dominant design, the 
analysiss of individual trajectories reveals the strate-
giess of firms concerned with building up their com-
petencee base. As competing firms are forced to 
re-buildd their competencies so as to profit from the 
learningg externalities associated with the dominant 
design,, a single set of design principles can be 
expectedd to become established at the industry level. 
Att this point, the relevant dynamics shift from indi-
viduall  design trajectories towards an industrial tra-
jectory. . 

9.. Concluding remarks 

Wee have shown how evolutionary concepts can 
bee addressed in an empirical research design by 
usingg methodologies from information calculus. Dy-
namicc distance measures enable us to analyse the 
dataa at the level of individual firms, at the industry 
level,, and in relation to each other. At different 
stagess of development we highlighted different dy-
namicss at different levels of aggregation. Our main 
findingfinding has been that three processes can be distin-
guishedd in both product cycles: (i) the emergence of 
aa leading design, (ii) the diffusion process of the 
scalingg patterns throughout the industry, and (iii ) the 
convergencee of designs within a technological 
paradigmm towards a common scaling trajectory. De-
signss that diffused most were not the ones to which 
thee industry had converged before. We found a time 
lagg of about 15 years between processes of diffusion 
andd convergence in civil aircraft. 

Att the firm level, product design sequences may 
turnn out to be critical in reorienting the relation 
betweenn design variables as each new design changes 
thee probability of which type of design will become 
dominantt within the firm. Once a dominant design is 
establishedd at the firm level, its design principles are 
furtherr codified within the firm through the develop-



K.K. Frenken, L. Leydesdorff/ Research Policy 29 (2000) 331-348 347 7 

mentt of subsequently scaled designs. We have ob-
servedd critical transitions associated with the leg-
endaryy designs of the DC3 and the Boeing 707. 
Hereafter,, the respective firms were able to scale 
theirr design into different directions showing the 
versatilityy of a dominant design in meeting different 
userr needs. At the industry level, redesigned aircraft 
modelss have diffused to the largest extent 
(DC4/Boeingg 377 and Boeing 767/Airbus 320). 
Hereafter,, as design principles become increasingly 
codifiedd among firms, the industry can be expected 
too converge towards common scaling heuristics which 
makee up a technological paradigm (Cowan and Foray, 
1997).. The implication for strategic management 
holdss that the competition changes in character. The 
diffusionn of and convergence to a dominant set of 
scalingg principles implies that price competition on 
thee basis of scaling takes over from product competi-
tionn (cf. Utterback and Abemathy, 1975). 

Itt is important, in our opinion, to distinguish 
betweenn critical transitions at the micro-level of the 
firmm and the unintended emergence of a paradigm at 
thee level of the industry because the different stages 
off  the development provide us with other policy and 
managementt options. From a consumer welfare per-
spective,, it is crucial to avoid long periods of com-
petingg standards between competing firms or nation-
allyy supported industries. Supranational policy coor-
dinationn can be helpful, since competing designs 
mayy result in state competition. In this light, the 
Airbuss consortium can be considered as a successful 
attemptt to avoid competing dominant designs at the 
Europeann level. At the same time, Airbus contributed 
too the diffusion and further development of 
turbofan-enginee aircraft in the civil market, as pio-
neeredd by Boeing. 

Whenn an industry is fully committed to a techno-
logicall  paradigm, an R&D-focus on presumptive 
anomaliess can be a sensible strategy. Once radical 
neww design principles begin to diffuse, however, 
firmss and policy-makers are faced with the decision 
eitherr to improve upon their existing competencies 
orr to re-build their competencies so as to profit from 
neww insights developed by competitors. The former 
strategyy is less costly, but also less ambitious: stick-
ingg to an old scaling trajectory will usually force one 
too accept only a relatively small niche in the longer 
run.. The other strategy is risky since each firm 

competess by running down its learning curves. How-
ever,, to follow both strategies may imply an incoher-
entt set of competencies which is costly to maintain. 7 

Therefore,, a choice must be made at some point in 
time.. Technology policy should assess both the stage 
off  the product life-cycle in a given sector and the 
ambitionn level of the industry that one wishes to 
support. . 
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Abstract t 

Successfull innovation depends on complementary competencies in networks of producers, users, and governmental 
bodies.. The effects of complementarities within innovation networks are modeled using Kauffman's AST-model. From the 
model,, the hypothesis is derived that producers, users, and governments self-organize in specialized innovation networks: 
producerss of particular technologies increasingly focus on particular user markets in particular countries. Data on 863 aircraft 
modelss (1909-1997) show these strong specialization patterns in the post-war period. Policy implications are indicated 
emphasizingg the recent rise in transnational collaborations, which can be understood as a means of escaping historical 
specializationn patterns. © 2000 Elsevier Science B.V. All rights reserved. 
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1.. Introduction 

AA nonlinear conception of product innovation 
takess into account the interdependency of different 
contributingg actors. Networks have become under
stoodd as an important organizational form to coor
dinatee the efforts of heterogeneous actors without 
restrictingg their individual goals. In this study, inter-
dependenciess among producers, users, and govern
mentss are modeled as complex innovation networks. 
Wee classify producers according to their technology, 
userss according to market segments, and govern
mentss according to countries. Each threefold combi
nationn corresponds to one innovation network. The 

E-mail:: k.frenken@geog.uu.nl 
Currentt Address: Centre for Science and Policy, University of 

Utreacht,, P.O. Box, 80068, 3508TB, Utreacht, The Netherlands. 

interdependenciess within networks render the viabil
ityy of each producer-user-government combination 
unpredictablee since the functioning of a network 
cannott be aggregated from the qualities of the indi
viduall actors. Only when individual actors have 
complementaryy competencies, the network is ex
pectedd to be viable. 

Thee evolution of complex networks is analyzed 
usingg the NK-model (Kauffman, 1993). Since the 
A(K-approachh to complex systems is a general and 
content-freee model, it serves us as a heuristic device 
too study the implications of the interdependencies 
inn innovation networks. Our thesis is that only in
novationn networks that correspond to local optima 
aree likely to survive. Local optima concern net
workss of producers, users and governments with 
complementaryy competencies. Actors can be expec
tedd to specialize in these local optima, which leads to 
ann increasing differentiation of innovation networks 

0048-7333/00/$$ - see front matter © 2000 Elsevier Science B.V. All rights reserved. 
PII:: S0048-7333(99)00064-5 
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intoo specific techno-economic arrangements at the 
nationall  level. 

Thee model is tested using data on 863 product 
innovationss in the aircraft industry for the period 
1909-1997.. The case of aircraft is illuminating for 
threee reasons. First, the aircraft history provides us 
withh a long-term perspective. Second, the importance 
off  collaboration between producers, users, and gov-
ernmentt has been recognized frequently in aircraft 
innovationn (Mowery and Rosenberg, 1982; Hayward, 
1983,, 1986). Third, the history is well documented 
bothh qualitatively (Miller and Sawers, 1968; Con-
stant,, 1980) and quantitatively (Jane's, 1978, 1989, 
1998).. The results of the empirical analysis show the 
emergencee of many technoeconomic specialization 
patternss across countries in the post-war period. This 
meanss that producers, users, and governments in 
aircraftt technology are increasingly organized in spe-
cificc innovation networks, which remain stable over 
time. . 

Thee model and the results have some interesting 
implications.. Theoretically, "picking winners" is 
impossiblee a priori since complementarities within 
innovationn networks are unpredictable. Therefore, a 
producer-user-governmentt combination that "fits" 
welll  can only be found through experimentation. 
Empirically,, we found that successful innovation 
networkss in small countries are those that specialize 
inn niche markets. In this way, they are able to limit 
pricee competition with networks in large countries 
thatt benefit from economies of scale. Furthermore, 
thee recombination of national competencies within 
transnationall  networks provides countries with an 
enlargedd space of possible innovations. Transnational 
collaborationss like Airbus allow for the exploration 
off  new combinations without necessarily affecting 
thee national patterns of specialization. In the Euro-
peann context, this implies that the further integration 
off  members' technology policies does not preclude 
thee continuation or renewal of programs at the na-
tionall  level. 

Thee paper is organized as follows. After a short 
revieww of evolutionary concepts related to innova-
tion,, a heuristic model of innovation networks is 
proposedd in Section 3 using Kauffman's NK-mode\ 
off  complex systems. In Section 4, we develop an 
empiricall  methodology, which is then used in Sec-
tionn 5 to analyze data on aircraft innovations. In 

Sectionn 6, we discuss the implications of the model 
andd the results for the understanding of transnational 
networks,, and we list the conclusions in Section 7. 

2.. Evolutionary concepts of innovation 

Traditionall  evolutionary models of technological 
changee hold that market selection operates upon a 
variationn of technologies. Firms introducing a tech-
nologyy may be uncertain about its profitability, but 
thee market solves the information problem by select-
ingg the ones with higher profitability. Less efficient 
productionn techniques are substituted for more effi-
cientt production techniques through a process of 
competitionn and imitation among firms (Alchian, 
1950). . 

Moree recently, studies on the role of the market 
environmentt have abandoned the concept of a given 
"natural""  environment selecting upon a variation of 
technologies.. Instead, selection is understood to take 
placee on the basis of user expectations and practices, 
whichh are, in turn, subject to change. As technolo-
giess are implemented in user contexts, new proper-
tiess are recognized by users, which shape their future 
developmentt (Rosenberg, 1982; Von Hippel, 1988). 
Thee extent to which user contexts affect the product 
strategiess of producers depends on the quality of the 
interactionn between users and producers (Lundvall, 
1988). . 

Thee importance of mutual feedback among pro-
ducerss and users also underlies the concept of trajec-
toriestories as a recursive process shaping technological 
development.. Though the trajectory concept started 
outt mainly by referring to the technical aspects of 
innovation,, market feedback has always been recog-
nizedd (Nelson and Winter, 1977; Dosi, 1982). In 
evolutionaryy extensions of this approach, a trajectory 
hass come to be understood as a particular stable fit 
betweenn technological properties and the market en-
vironment.. Differentiation strategies aiming to limit 
pricee competition lead to the bifurcation of a trajec-
toryy into two or more trajectories. Along these trajec-
tories,, R&D concentrates on specific trade-offs to 
improvee products in specific market segments. The 
resultingg specialization patterns of particular tech-
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nologiess in different submarkets resemble the evolu-
tionaryy branching of species into different selection 
environmentss (Saviotti, 1996; Windrum and Birchen-
hall,, 1998; Frenken et al., 1999b). 2 

Thee nature of the interaction between producers 
andd users also depends on mediating institutions that 
favorr the development of particular technologies and 
marketss (Freeman and Perez, 1988; Lundvall, 1988). 
Institutionss "co-evolve" with technologies and mar-
kett environments as Nelson (1994) putss it. For exam-
ple,, the refinement of patent law in the 1870s has 
beenn crucial in the development of the German 
chemicall  industry (Van den Belt and Rip, 1987). 
Fromm an evolutionary perspective, the institutional 
frameworkk can be considered as both a locus of 
variationn and a locus of selection. Institutions and 
policiess enable the creation of new technologies 
whilee they constrain the range of technologies by 
selectingg upon them. Technology policies can thus 
bee aimed at supporting or discouraging the adoption 
off  a particular technology by producers at the supply 
sidee and users at the demand side. Since, as argued 
above,, user and producer strategies are partly inter-
dependent,, effective policies are likely to be mixed 
oness aiming at changing both supply and demand 
conditions. . 

Thee mutual relationships between technological, 
market,, and institutional developments call for a 
three-dimensionall  evolutionary model (cf. Leydes-
dorff,, 1998). The "triple helix" framework attempts 
too model all three loci of variation and selection as 
interrelatedd processes which transform existing rela-
tionss between the techno-scientific, economic, and 
politicall  spheres (Leydesdorff and Etzkowitz, 1996). 
Whilee the triple helix model concentrates on univer-
sity-industry-governmentt relations, it can be taken 
ass a general model of innovation networks contain-

Arthurr (1989) showed that the presence of network externali-
tiess among adopting agents may lead to technological standardiza-
tionn thus leading to the disappearance of branches. However, 
recentt simulation models of local externalities show that compet-
ingg technologies may survive in differentiated markets instead of 
lock-inn into one technology in Arthur's case of global externali-
tiess (Dalle, 1997). 

ingg (at least) a knowledge generator, a user environ-
mentt and a regulatory body. In the following study, 
thesee actors concern producers, users and national 
governments,, respectively. These actors are involved 
inn innovation networks and cooperate in various 
wayss at different stages of the innovation process. 
Forr an innovation to become successful, their com-
petenciespetencies need to be complementary in order to 
supplementt their knowledge bases. 

Thiss approach differs from most institutional ap-
proachess which concentrate on the effects of (na-
tional)) institutions on technological and market de-
velopmentss without analyzing how institutions are 
shapedd by existing technoeconomic arrangements. 
Thee prevailing distribution of technologies and mar-
kets,, however, affects in turn institutional develop-
ments.. A country specializing in military technology 
(e.g.,, France) can be expected to develop institutions 
differentt from those in a country specializing in, for 
example,, distribution and related services (e.g., The 
Netherlands).. Nonlinear innovation models help in 
thee understanding of all relations from a network 
perspective. . 

3.. A complexity approach to innovation networks 

Complexx systems theory provides us with heuris-
ticc models to study the effects of interdependencies 
withinn networks. One of the models that has been 
developedd recently is the JVK-model (Kauffman, 
1993),, which can be used to analyze complementari-
tiess between actors in innovation networks. 3 In the 
MK-model,, N stands for the number of elements, so 
wee have N = 3 in our case of producer-user-
governmentt networks. We classify producers accord-
ingg to their technology, users according to their 

Thee yVK-model was originally developed by Kauffman to 
studyy the evolutionary dynamics of biological populations, and it 
hass been used to study the evolution of organizational structures 
off  firms {Levinthal, 1997), and to analyze problem-solving strate-
giess in complex optimization problems (Frenken et al., 1999a). 
Forr reflections on possible applications of the NK-modc] in the 
fieldfield of scientometrics, see Schamhorst (1998), and for related 
modelss applied to social phenomena, see Axelrod (1997). 
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Fig.. 1. Fitness landscape for innovation networks without interdependenties (N = 3, K = 0). 

markett segments, and governments by their coun-
tries.. 4 Each combination among a technology, a 
market,, and a country then represents an innovation 
networkk of a producer type, a user type, and a 
governmentt type. Innovation networks thus evolve 
withinn this three-dimensional space of possibilities. 
Selection,, then, operates on the relative success of 
thee various producer-user-government combina-
tionss in producing innovations. The success of an 
innovationn network is taken to be the number of 
productt innovations it develops. 

Inn the simplest case, innovation networks can be 
formedd by means of a combination between one out 
off  two producer types (X = {0,1}) , one out of two 
userr types ( 7= {0,1} ) and one out of two govern-
mentss (Z = {0,1}) . Thus, X=0 stands for technol-
ogyy " 0 " and X = 1 for technology " 1 " , Y = 0 for 
markett " 0 " and Y= 1 for market " 1 " , and Z = 0 
forr country " 0 " and Z = 1 for country " 1 " . In 
total,, the possibility space contains 23 = 8 networks 
XYZ,XYZ, namely, 000, 001, 010, 011, 100, 101, 110, and 
111. . 

Inn the NK-model, the quality or fitness of an 
actorr in the network is simulated using random 

Thus,, we assume that government policies can be distin-
guishedd on national levels. Alternatively, one may aggregate 
nationall  governments into groups of countries with similar poli-
cies,, or decompose national governments in local governments 
withh different policies, if sufficient information on this can be 
found. . 

valuess for the fitness of each actor, and the aggre-
gatedd fitness of the network is calculated as the 
averagee fXrz of the fitness values of all actors. The 
complexityy of a network is indicated by K that refers 
too the number of dependency relations within a 
networkk and has a minimum possible value of K = 0 
andd a maximum possible value of K = N — 1. Thus, 
iff  the functioning of an actor is not affected by other 
actorss in the network we have K = 0, while if the 
functioningg of an actor is affected by all other actors 
inn the network, we have K = 2. 

KK = 0: In the case that the functioning of an actor 
iss not affected by others, the fitness value for an 
actorr is drawn only once for state " 0 " and for state 
" 1 " .. Fig. 1 lists a simulation of fitness values for 
differentt technology-market-country combinations 
forr K — 0. In the first three columns the fitness 
valuess of each actor type fx, fY, and fz are given, 
andd the fourth column the fitness of the network as a 
wholee fxrz, which equals the average of the fitness 
valuess of actors. The distribution of fitness values 
overr the possible combinations is called a "fitness 
landscape". . 

Thee absence of any interdependency among actors 
inn the case of K = 0 implies that the fitness value of 
onee actor type is always the same for each combina-
tionn of the other two actors. For example, the fitness 
valuee of producer type X=0 is ƒ„  = 0.2 for all 
combinationss of user type Y and government type Z 
(000,, 001, 010, and 011). And, for producer type 
X=X= 1 the value is ƒ, = 0.7 for all combinations of 
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userr type 7 and government type Z (100, 101, 110, 
andd 111). This reflects that in the case of K=0, 
actorss function independently from each other. For 
thiss reason, the optimum with the highest fitness 
valuee fXYz 's simply the network in which all actors 
havee the highest fitness value. In this simulation, the 
optimumm is combination 110, which would corre-
spondd in the example with the network that com-
biness technology " 1 " with market " 1 " in country 
" 0 " .. This implies that for any network except for 
thee optimum network, the fitness can always be 
improvedd by substituting one actor. By means of this 
trial-and-errorr substitution procedure, the fitness 
landscapee can be "climbed" until the optimum is 
found.. Put another way, as long as the optimum is 
nott found, there are always two actors that share an 
"interest""  in substituting the third actor as to move 
too a better innovation network. 

KK — 2: In the case that the functioning of an actor 
typee is affected by the other types of actors present 
inn a network (K = 2), we have a network of maxi-
mumm complexity. In a network of maximum com-
plexityy the competencies of actors are all interdepen-
dent.. Following Kauffman (1993), to analyze the 
functioningg of such complex networks, the fitness 
valuee of each actor must be drawn for each possible 
combinationcombination separately, since the fitness of an actor 
dependss on the two other members in the network. A 
simulationn is given in Fig. 2. Now, the fitness of 
particularr actor types is different for different combi-
nationss of the two other actor types. For example, for 

000 0 
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0.3 3 
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0.1 1 

f f 
xyz z 

0.47 7 
0.50 0 
0.70 0 
0.53 3 
0.83 3 
0.40 0 
0.63 3 
0.43 3 

Fig.. 2. Fitness landscape for innovation 

producerr type X= 0, ƒ„  = 0.6 when 7 =0 and Z = 
0,, /0.= 0.1 when 7 =0 and Z= 1, /0.= 0.7 when 
7 =11 and 2 = 0, and /0.= 0.3 when 7 =1 and 
Z== 1. The interdependencies among actors lead ac-
torss to function well in some networks, while poorly 
inn other networks. As a consequence of these inter-
dependencies,, the possibility space contains several 
optima,, i.e., several combinations with a fitness value 
thatt cannot be improved by substituting one actor in 
thee network. In this simulation, we have combina-
tionss 100 and 010 as optima. Network 100 is the 
globall  optimum since it has the highest fitness value, 
whilee 010 is a local optimum. By trial-and-error 
substitutionn of actors, actors move over the fitness 
landscapee until one of the optima is found. Impor-
tantly,, this search procedure will not necessarily lead 
too the global optimum, but possibly lead the sub-op-
timall  local optimum. 

Optimaa are different from each other with respect 
too at least two actors, and in our case of 7V= 3, at 
mostt three actors. This means that two or all three 
actorss share an interest to stick to a local optimum, 
sincee they cannot improve the network by substitut-
ingg one actor. Thus, once a local optimum is found, 
thee majority of actors share a common interest to 
stickk to it, which renders the formation of networks 
correspondingg to local optima to some degree irre-
versibleversible ("lock-in") The existence of local optima 
leadss us to the hypothesis that networks will increas-
inglyy differentiate into the combinations between 
producers,, users and governments that correspond to 

010/ / 

000 0 

( 0 « « 

) ) / ' ' 
111 1 

(0.43) ) 

II 1 
y% y% 

0011 101 
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withh interdependencies (N — 3, K = 2). 
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thesee local optima. As producers are classified ac-
cordingg to their technology, users according to their 
markett segment, and government according to coun-
tries,, we expect innovations in a specific technology 
too become coupled to a particular market in a partic-
ularr country. 

Inn sum, the constitution of an innovation network 
cann be thought of as a combinatorial problem. By 
experimentingg with different combinations, actors 
"learn""  the viability of different networks. Once 
theyy find a local optimum, they are expected to 
exploitt this combination further along a "technologi-
call  trajectory". For this reason, one expects an in-
creasingg specialization among networks that couple a 
specificc technology to a specific market and specific 
nationall  institutions. The model does not intend to 
describee interactions among actors in innovation net-
workss in any detailed way, nor does it attempt to 
predictt the emergence of specific networks. It serves 
ass a heuristic device to understand the relation be-
tweenn the complexity of networks and the patterns of 
specializationn among them. On the basis of this 
hypothesis,, we expect the degree of specialization 
amongg networks to increase over time, as the ones 
correspondingg to local optima are most successful. 

4.. Methods and materials 

Below,, specialization patterns among technolo-
gies,, markets and countries are analyzed using data 
onn 863 aircraft innovations introduced during the 
periodd 1909-1997. The data have been collected 
fromm Jane's (1978; 1989; 1998). Each innovation is 
classifiedd in a technology category i along the X-axis, 
aa market category j along the X-axis, and a country 
categoryy k along the Z-axis. The classes that are 
distinguishedd along each dimension are listed in 
Tablee 1. The technology categories along the X-axis 
representt the different producer groups, and are dis-
tinguishedd on the basis of the engine type (piston 
propeller,, turbopropeller, turbojet, turbofan, tur-
boshaft,, propfan, rocket) and the lif t configuration 
usedd in the aircraft (monoplane, biplane, triplane, 
tiltrotor).. Market categories are based on the primary 
applicationn of the aircraft and represent the user 
groups.. Categories along the Z-axis refer to the 
countryy of development, thus representing nation 

states.. 5 As an example, the Boeing 747 is classified 
ass a product innovation in the network of "turbofan" 
producers,, "passenger aircraft" users, and the 
"USA""  government. 

Inn this view, a single firm may be present in 
severall  networks at the same time, as it is the case 
withh multi-product and multinational companies. For 
example,, in the 1920s, Fokker developed piston 
propellerr biplanes in the Netherlands for the bomber 
market,, and piston propeller monoplanes in the 
Unitedd States for the passenger market. The unit of 
analysiss here is not the firm, but the innovation 
networkk as classified by a technology-market-coun-
tryy combination as we hypothesized that complemen-
taritiess are localized within networks of producers, 
userss and governments. 

Sincee we distinguish up to nine technologies, 
eightt markets and 31 countries, the number of possi-
blee networks is very large, and consequently, a large 
numberr of these networks can be expected to corre-
spondd to local optima. The existence of many local 
optimaa makes it even more difficult for Actors to 
findfind the global optimum, and can therefore be ex-
pectedd to exploit a local optimum once they find one, 
ratherr than spending time and resources in experi-
mentingg in other networks. These local optima are 
expectedd to unfold gradually in the course of the 
industry'ss evolution, as networks that do not corre-
spondd to optima tend to disappear. Only relatively 
successfull  technology-market-country combinations 
correspondingg to local optima will continue to de-
velopp new products. This leads to an increasing 
degreee of specialization among innovation networks 
overr time. 

AA straightforward way to measure the degree of 
specializationn among different technology-market-
countryy triples is to calculate the mutual information 
amongg the three frequency distributions of technolo-
gies,, markets and countries. This is a measure of 
dependencedependence between distributions, and originated 
fromm information theory as a measure of transmis-
sion,, defined as T (Theil, 1967, 1972; Leydesdorff, 

55 In the case of transnational collaborations among firms, the 
innovationn is attributed to all participating countries weighted by 
theirr financial share. We elaborate on the issue of transnational 
networkss in Section 6. 
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Tablee 1 

Classes s 

X:X:  Technologies i 

Y:Y: Markets j 
Z::  Countries k 

pistonn propeller  monoplane, piston propeller  biplane, piston propeller  triplane, turbopropeller  monoplane, 
turbojett  monoplane, turbofan monoplane, rocket monoplane, propfan monoplane, turboshaft tiltroto r 
passengerr  aircraft , business aircraft , cargo aircraft , fighters, bombers, trainers, STOL-aircraft , VTOL-aircraft ' 
Argentina,, Australia, Austria, Belgium, Brazil, Canada, China, Czechoslovakia, France, Germany, Great Britain , 
Hungary,, Italy , India, Indonesia, Israel, Japan, The Netherlands, New Zealand, 
Poland,, Romania, South Africa, South Korea, Spain, Sweden, Switzerland, Taiwan, 
Ukraine,, USA, USSR/Russian Federation, Yugoslavia 

"STOLL  and VTOL stand for  Short and Vertical Take-Off and Landing, respectively. 

1995).. The three-dimensional mutual information is 
givenn by: 6 

T(X,Y,Z) T(X,Y,Z) 
I J K K 

== E L E P,jk^g2(pijk/(pL-pJ;pA)) 
i=i=  I j - 1 * - 1 

( / == l , . . . , / ;y = I,...,J; k=\,...,K) (1) 

wheree pIJk stands for the relative frequency of prod-
uctt innovations using technology i developed for 
markett j in country k. Absence of specialization 
wouldd imply that pjjk equals (Pi.Pj.p.k) for all pjJk, 
whichh results in a T-value equal to zero. In all other 
cases,, T(X,Y,Z) takes on a positive value, and the 
higherr the jf-value the higher the degree of special-
izationn among innovation networks. 

Thee three-dimensional specialization measure 
T(X,Y,Z),T(X,Y,Z), however, is only a summary indicator. As 
notedd above, specialization patterns among innova-
tionn networks are possible in two dimensions since 
locall  optima differ in at least two dimensions. In a 
thirdd dimension, local optima may be the same. For 
example,, in the simulation in Fig. 2, the local optima 
aree "010" and "100" and thus have the same 
country-valuee " 0 " . Mutatis mutandis, local optima 
mayy contain the same technology or the same mar-
ket.. To detect in which pairs of dimensions the 
specializationn patterns are most pronounced, we thus 
havee to look for relatively frequent technology-
market,, technology-country and market-country 
couplescouples (and not only for relatively frequent technol-
ogy-market-countryy triples). To this end, we calcu-
latee for each period the two-dimensional matrices of 

thee relative frequencies of combinations between 
technologiess and markets (pu), between technolo-
giess and countries (pik), and between markets and 
countriess (pJk). We compute for each of these fre-
quency-matricess the mutual information, which mea-
suress the degree of dependence between two dimen-
sions.. The formulas for the two-dimensional mutual 
informationn values are given by: 

// J 

T(X,Y)=Y.T(X,Y)=Y. LPUMI{PIJAPI:P.J.)) 

i-i-  l j ~ l 

(i=\,...,I;j=\,...,J)(i=\,...,I;j=\,...,J)  (2) 

T(X,Z)=T(X,Z)= E E/>,*log2(AVU//>.*)) 7 

i - 11 * - 1 

( / = ! , . . . , /;; k=\,...,K) (3) 

// K 
T(Y,Z)=T(Y,Z)= E Lp.jklog2(pJk/(Pj:P_k)) 

j ""  1 * - 1 

0=1, . . . , / ; *= ! , . . . , *) ) (4) ) 

4.1.4.1. Example 

Considerr now a fictitious example of a possibility 
spacee among two technologies (X= {0,1}), two mar-
ketss (y={0,l} ) and two countries (Z={0,1}) , and 
assumee that there are two optima, which are 000 and 
111.. These two combinations are expected to be 

Forr  x = 0, xlogjj r  s 0. 

77 Note the relation between mutual information T(X,Z) for 
technologiess and countries and the Soete-Wyatt RTA-index which 
standss for  "Revealed Technological Advantage"  (Soete and Wy-
att,, 1983). Mutual information equals the weighted sum of the log 
off  the RTA. 
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relativelyy frequent, while other combinations rela-
tivelyy less frequent. Consider then the following 
Activee frequencies for 10 product innovations: three 
timess 000, one times 010, one times 101, and five 
timess 111. The three-dimensional frequencies of this 
populationn of products are: 

Ax)oo = 0 - 3 />oio = u l 

/>ooii  = 0.0 pou=0.0 

/ j 1 000 = 0.0 pu o = 0.0 

p l 0 1=0.11 pu i = 0 .5 

Thee high frequencies of the local optima 000 and 
1111 show that there exists a specialization pattern 
amongg a network developing products with technol-
ogyy 0 for market 0 in country 0 jet and a network 
developingg technology 1 for market 1 in country 1. 

Too calculate the T(X,Y,Z)-value, we first need to 
calculatee the one-dimensional frequencies which are 
thee sum of three-dimensional frequencies over one 
dimension.. We get: 

Po.Po. = Pooo +Poio +/>oot + /»ou = °-4 

/>i.. = .Pioo+/'iio+/>ioi +/>ui =0.6 

P.o=PoooP.o=Pooo +P\oo +P001 +/>!0i = ° -4 

P.\=Po\oP.\=Po\o +P\io +Po\\ +Pu\ = °-6 

P.oP.o = Pooo +Pioo +Po\o +Pno = °-4 

PAPA = POOI + />ioi + Pon +Pu\ = °-6 

Usingg formula (1), the value for T(X,Y,Z) then 
becomes: : 

T(XJ,Z)T(XJ,Z) = 0.31og2(0.3/0.064) 

++ 0.1 log2(0.1/0.096) 

++ 0.11og2(0.1/0.144) 

++ 0.51og2(0.5/0.216) 

== 1.23 bits 

Thee three-dimensional mutual information value 
T(X,Y,Z)T(X,Y,Z) indicates the overall degree of specializa-
tionn among networks. This is clearly positive in the 
fictitiouss example, since we have a clear specializa-
tionn pattern among network 000 and network 111. 

Thee three-dimensional specialization pattern can 
thenn be further analyzed by looking at the mutual 

informationn values of T(X,Y), T(X,Z) and T(Y,Z) 
forr the two-dimensional frequency distributions. For 
thee two-dimensional frequencies, we get: 

PooPoo = Pooo "'"Pooi  = ^-J 

PioPio== P)ooP)oo++ P\o\P\o\ = 0 - 1 

Po\=Poio+Poi}Po\=Poio+Poi} = 0 1 

Pu~P\l0Pu~P\l0++ P\UP\U = 0 - 5 

PooPoo ~ Pooo "'"/'oio = 0.4 

/>1.0=/>100+Pll00 = 0 - 0 

Po.\Po.\ =Poo\ +Pou = u 0 

P\.\P\.\ =P\0l +P\\) = 0 - 6 

P.ooP.oo ~ Pooo ~  ̂P\ao = 0.3 

P.IO=POIO+/>IIOO = 0-1 

P.oiP.oi = Poos +P\o\ = 0 1 

PMPM =Pou +P\U = 0 - 5 

Usingg formulas (2)-(4), the two-dimensional mutual 
informationn values become: 

7X*,y)=0.31og2(0.3/0.16) ) 

++ 0.1 log2(0.1/0.24) 

++ 0.1 log2(0.1/0.24) 

++ 0.51og2(0.5/0.36) 

== 0.26 bits 

T(X,Z)T(X,Z) = 0.4 log2(0.4/0.16) 

++ 0.61og2(0.6/0.36) 

== 0.97 bits 

T(Y,Z)T(Y,Z) =0.31og2(0.3/0.16) 

++ 0.1 log2(0.1/0.24) 

++ 0.1 Iog2(0.1/0.24) 

++ 0.51og2(0.5/0.36) 

== 0.26 bits 

Thee results show that, in this fictitious example, the 
specializationn between technologies and countries as 
indicatedd by T(X,Z) is strongest (0.97 bits). Produc-
erss of technology " 0 " are all located in country 
" 0 ""  and producers of technology " 1 " are all lo-
catedd in country " 1 " . The specialization between 
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technologiess and markets T(X,Y\ and between mar-
ketss and countries T(Y,Z) is less pronounced (0.26 
bits),, since the two technologies are used in both 
markets,, and the two markets are covered by both 
countriess but to different extents. Concluding, in this 
fictitiouss example, the strongest complementarities 
aree between technologies and countries, and weaker 
complementaritiess are found between technologies 
andd markets, and between markets and countries. 

5.. Results 

Wee calculated the three- and two-dimensional 
mutuall  information values for the distributions of 
aircraftt innovations for moving 10-year periods dur-
ingg the whole period between 1909 and 1997 (so we 
havee period 1: 1909-1918, period 2: 1910-1919, 
etc.).. 8 Thus, the frequency distributions are based 
onn the set of new aircraft models that have been 
introducedd during a 10-year period. The years in the 
schemess refer to the last year of each period (so 
19188 refers to the period 1909-1918, etc.). 

5.1.5.1. Three-dimensional specialization pattern 

Inn Scheme 1, the results for the three-dimensional 
mutuall  information T(X,Y,Z) are exhibited. The 
trendd is pronounced: low values til l 1945 with lowest 
valuess during the Second World War, rising values 
betweenn 1945 and 1965, and high values hereafter. 
Thesee results show that before 1945, countries did 
nott specialize in specific technologies and markets, 
whilee in the post-war period, specialization patterns 
occurredd rapidly. Following the NK-moóél, this re-
sultt suggests the interdependencies between produc-
ers,, users and government have become stronger 
overr time as the mutual information among them is 
rising.. The increasing degree of specialization among 
innovationn networks as a result of networking is thus 
too be understood as a historical phenomenon, which 
startedd in the aircraft industry after the Second World 
War. . 

Calculationss for 5-year and 15-year periods yielded similar 
resultsresults as the ones reported here. 

Thee low values before 1945 indicate that littl e 
specializationn among innovation networks had 
emergedd during this period. The values increase to 
somee extent in the late 1920s, but decrease again 
duringg the 1930s and approach their lowest values 
inn the early 1940s. At this point in time, aircraft 
technologyy was standardized in piston propeller 
monoplanee design mat established itself as the tech-
nologicalnological paradigm in the majority of markets and 
countries.. In particular, the Douglas DC3 introduced 
inn 1936 became the dominant design concept during 
thiss period (Miller and Sawers, 1968). This is re-
flectedd in the decreasing values during the period 
1930-1945. . 

Afterr 1945, the mutual information values are 
rapidlyy rising. A number of new technologies have 
beenn introduced just after the Second World War, 
whichh were coupled to specific market segments: 
turbopropss predominantly to bomber and cargo air-
craft,, jets predominantly to fighter aircraft, and tur-
bofanss predominantly to passenger aircraft.9 The 
olderr piston propeller technology could survive in 
thee niche of business and trainer aircraft. Each tech-
nologyy thus specialized in the niche in which it has a 
comparativee advantage over the other technologies, 
thuss giving rise to a branching out of technologies in 
differentt niches (Frenken et al., 1999b). 

Thee rising values for T(X,Y,Z) further reflect 
thatt specific countries came to dominate the develop-
mentt of specific technologies in specific market seg-
ments.. Countries became increasingly "committed" 
too a particular technological trajectory. From formula 
(1)) for the mutual information we can derive for 
eachh network the extent to which it is specialized. 
Thiss is indicated by the value for pijk log2 

{Pijk/Pi.P.j.P.i){Pijk/Pi.P.j.P.i) f° r aN ijk triples, since T(X,Y,Z) 
equalss the sum of all pijk log2 (pijk/pLPj,p .^-val-
ues.. Thus, the specialization value pijk log2 

(Pijk/Pi.Pj.P.k)(Pijk/Pi.Pj.P.k) of each individual producer-user-
governmentt combination ijk gives us a ranking of 
networkss from most specialized to least specialized. 

99 This finding that new technologies are first introduced in 
specificc market segments before possibly diffusing in other seg-
mentss can be explained as a strategy to limit competition from 
establishedd technologies. The finding fits the notion of strategic 
niche-managementniche-management (Kemp, 1994; Rip et al., 1995). 
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Mutuall  information between technologies/markets/countries 

Schemee 1. Mutual information values T(X,Y,Z) among technologies, markets and countries. 

Thee highest specialization values for individual 
networkss are found, as expected, in the postwar 
period.. One very strong coupling is found for the 
networkk of piston propeller producers, business air-
craftt users in the USA with pijk\og2(pijk/ 
PjPj p j p t)-values up to 0.44 bits. i0 The high con-
centrationn of customers for business aircraft in the 
Americann home market points to the importance of 
userss in this innovation network. In the military 
domainn strong specialization is found for the USA, 
thee former USSR, France, Italy and Sweden in jet 
fighterss with values between 0.10 bits and 0.20 bits, 
withh France and the USSR switching from jet to 
turbofann fighters after 1970. Only the USSR shows a 
clearr specialization pattern in bombers using turbo-
propp technology with specialization values close to 
0.100 bits. In the civil market, we find pronounced 
specializationn patterns in turboprop passenger air-
craftt for the UK (up to 0.17 bits), Czechoslovakia 

Notee that mutual information is based on relative frequencies 
andd not in absolute frequencies (the United States dominated in 
manyy more technology-market segments in absolute terms). 

(upp to 0.12 bits), China (up to 0.11 bits), and Brazil 
(upp to 0.6 bits). The USA specialized in turbofan 
passengerr aircraft with highest values around 0.10 
bits.. Canada dominated the market niche for STOL-
aircraftt using turboprop technology with values close 
too 0.09 bits and Argentina specialized in turboprop 
cargoo aircraft with values close to 0.10 bits. 

Thee focus on a particular technology/market seg-
mentt in relatively "small" aviation countries like 
Argentina,, Brazil, Canada, China, and Czechoslo-
vakiaa can be considered as a strategy to limit compe-
titionn with larger countries profiting from economies 
off  scale and political dominance (in particular, the 
USAA and the USSR). The concentration of efforts in 
smallerr countries to a particular technology and ap-
plicationn contributed to the sustainability of their 
aircraftt industry. The need for these countries to 
specializee is an empirical outcome, and may be 
specificc to aircraft technology. In other types of 
industries,, there are examples of small countries that 
havee been very successful in mass markets, as Swe-
denn has been in mobile phones and furniture. 

Itt should be noted that the specialization patterns 
amongg countries do not necessarily follow the logic 
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Mutuall  information technologies/markets 
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T(X,Y) ) 

Schemee 2. Mutual information values T(X,Y) among technologies and markets. 

Mutua ll  informatio n technologies/countrie s 

19900 2000 

TIX.Z) ) 

Schemee 3. Mutual information values T(X,Z) among technologies and countries. 
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off  the product life-cycle as put forward by Vernon 
(1966).. In short, this thesis holds that as a technol-
ogyy becomes standardized, the technology is easily 
transferredd from more developed, high-wage to less 
developed,, low-wage countries. This dynamic is clear 
inn the case of turbopropeller technology, which 
movedd from the UK to newly industrializing coun-
triess such as Argentina, Brazil and China. However, 
inn the case of the even older piston propeller technol-
ogy,, the USA remained the dominant country 
throughoutt its life-cycle. The simple fact that at the 
endd of its life-cycle, piston propeller technology has 
beenn predominantly applied in business aircraft seg-
mentt explains why the American firms are still 
dominantt in the development of this technology: 
localizedd user-producer interaction may prevent the 
standardizedd technology from moving to low-wage 
countries. . 

5.2.5.2. Two-dimensional specialization patterns 

Ass explained in Section 4, the r(Ar,y,Z)-measure 
iss a summary measure which can be further analyzed 
inn terms of the two-dimensional, "bilateral" special-
izationn patterns among each of the three pairs of 
dimensions.. The 7tX,K)-values for the coupling 
betweenn technologies and markets are provided in 

Schemee 2, the T(X,Z)-values for the coupling be-
tweenn technologies and countries in Scheme 3, and 
thee r(y,Z)-values for the coupling between markets 
andd countries in Scheme 4. As for the results of 
T{X,Y,Z),T{X,Y,Z), we find in all three schemes low values 
beforee 1945 and sharply rising values during the 
1950ss and 1960s. One striking difference between 
thee schemes arises around the mid-1960s, when the 
couplingg between technologies and markets T(X,Y) 
decreasess again, while the values for technologies 
andd countries T(X,Z), and for markets and countries 
T{Y,Z),T{Y,Z), keep on rising til l the early 1990s. Thus, the 
elaboratedd analysis of three-dimensional specializa-
tionn patterns in terms of two-dimensional specializa-
tionn patterns proves informative. 

Ass noted, there has been a strong coupling be-
tweenn technology and markets after the Second World 
Warr as new technologies were introduced in particu-
larr market segments. Turboprops initially dominated 
inn markets for cargo aircraft and bombers, jets in the 
fighterr market, and turbofans in the passenger mar-
ket.. The older piston propeller technology remained 
thee standard in business and trainer aircraft. These 
patternss changed after the mid-1960s, when engine 
technologiess in bombers and fighter aircraft were 
graduallyy substituted by turbofan engines, resulting 
inn a fall in T(XJ). During the 1980s and 1990s, 

T(Y,Z) ) 

0,400 0 

19500 1960 

Schemee 4. Mutual information values T( Y,Z) among markets and countries. 
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turbofann technology further extended its range of 
applicationss towards business aircraft, leaving only 
thee trainer, cargo, and STOL-markets to be domi-
natedd by piston propellers and turboprops. These 
resultss show that turbofan technology has established 
itselff  as the second technological paradigm across all 
majorr markets. The cyclical pattern in Scheme 2 can 
bee understood as evidence of two technological 
paradigmss in the aircraft history (Constant, 1980), 
butt it is clear that the recent second paradigm of 
turbofann monoplanes has not been as dominant as 
thee first paradigm of piston propeller monoplanes. 
Thoughh turbofan technology has expanded its range 
off  application, some alternative technologies survive 
inn niches (Frenken et al., 1999b). 

Thee important conclusion to be drawn from these 
resultss is that the establishment of turbofan technol-
ogyy as a technological paradigm across various mar-
ketss did not lead to a de-specialization of countries 
inn technologies. The values of T(X,Z) in Scheme 3 
keepp on rising after the 1960s, indicating that tech-
nologiess other than the paradigmatic turbofan tech-
nologyy continued to develop in specific countries. In 
particular,, as noted above, a number of small coun-
triess successfully pursued a turbopropeller trajectory 
inn specific niche segments (Brazil in passenger air-
craft,, Canada in STOL-aircraft, and Argentina in 
cargo-aircraft).. Furthermore, countries like China and 
Indiaa that entered the segment of fighter aircraft 
appliedd predominantly jet engine technology. Thus, 
thee spread of the paradigmatic turbofan technology 
att the global level did not impede specific countries 
fromm specializing in an alternative technology: dif-
ferentt countries explore their own opportunities that 
resultt from complementarities with specific tech-
nologiess and markets. 

Inn sum, before 1945, the degree of specialization 
wass low; it reached its lowest values in the 1930s 
andd early 1940s when the piston-propeller-mono-
planee paradigm was established. After 1945, innova-
tionn in the aircraft industry became increasingly lo-
calizedd in specific innovation networks, as predicted 
byy the NAT-model. While the trend toward national 
specializationn patterns in technologies and markets 
keptt rising during the whole post-war period, the 
degreee of coupling between technologies and mar-
ketss fell after 1965. At this time, turbofan technology 
diffusedd across all major markets and established 

itselff  as the new technological paradigm. However, 
severall  countries successfully maintained their air-
craftt industry by focusing on alternative technologies 
inn specific market segments. More generally, our 
complexityy approach to innovation networks implies 
thatt local dynamics cannot be derived from the 
globall  dynamics, though the latter is constituted by 
thee aggregate of the former. 

6.. Transnational networks: an emerging regime? 

Amongg other high-tech industries, aviation has 
witnessedd a rapid increase in transnational networks 
amongg firms that have co-developed high-risk inno-
vations.. The development of the Concorde by 
Aerospatialee and BAe was one of the first collabora-
tionss within a European context. More prominently, 
Airbuss has been successful in developing passenger 
aircraftt using turbofan technology. This has set the 
stagee for new European networks, such as Avions de 
Transportt Regional (ATR), and more recently Aero 
Internationall  Regional (AIR). In military aircraft, 
Europeann collaborations date back to Panavia, estab-
lishedd in 1969, and have been extended with Eu-
rofighterr and Europatrol. Similarly, European Heli-
copterr Industry (EHI) and Eurocopter have become 
majorr players in the European helicopter industry. 

Howw can we understand the recent rise of transna-
tionall  networks against the background of the NK-
modell  of innovation networks as discussed above? In 
thee model, a technology-market-country triple 
countss as one innovation network between a pro-
ducerr type, user type, and a national government. A 
transnationall  innovation network then is a particular 
typee of innovation network classified according to 
onee technology, one market and two or more coun-
tries.. For example, Airbus is classified as a network 
developingg turbofan technology for the passenger 
markett with a French-German-British-Spanish 
"government".. The question becomes which coun-
triess are expected to collaborate with one another. 
Fromm an evolutionary perspective, one expects that 
countriess in a transnational collaboration recombine 
theirr individual national specialization pattern. Inso-
farr as two countries are specialized in different tech-
nology-markett combinations, they can collaborate in 
twoo ways: one country can recombine the technology 
inn which it is specialized, with the market in which 
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thee other country is specialized, and vice versa. The 
recombinationn of specialization patterns allows part-
nerss to explore a new technology-market trajectory 
collectively.. Below, we discuss two European exam-
pless in further detail: the Concorde project and the 
Airbuss consortium. 

Thee Concorde aircraft was co-developed by 
Aerospatialee (France) and BAe (UK). This collabora-
tionn is indeed an example of a combination of two 
existingg national trajectories. The Concorde is a jet 
enginee passenger aircraft developed during the 1960s 
andd introduced in 1969. At the time, France was 
specializedd in jet technology (for fighter purposes) 
andd the UK had a long record in the passenger 
markett (mostly using turboprops). The Concorde is 
thee first passenger aircraft with a delta wing con-
struction,, which had also been used in several French 
fightersfighters developed in the 1950s. 

Thee second example concerns the European Air-
buss consortium, which started developing aircraft in 
thee late 1970s. The consortium is again a collabora-
tionn between Aerospatiale and BAe together with the 
Germann firm DASA and the Spanish firm CASA. 
Airbuss concentrated its product innovations exclu-
sivelyy on passenger aircraft using turbofan technol-
ogy.. At the time of the establishment of Airbus, 
Francee had just switched its technological base from 
jetss to turbofans, while the UK was still specialized 
inn passenger aircraft. Again, previous specialization 
patternss are reflected in the technoeconomic special-
izationn of the transnational network. However, the 
otherr two countries Germany and Spain had littl e 
experiencee in aircraft technology, and had previously 
specializedd in other domains. For these countries, 
Airbuss provided an opportunity to leave their old 
specializationn pattern and to enter a new market 
segmentt using state-of-the-art technology. The entry 
off  Airbus in the turbofan passenger market can be 
understoodd as a recombination of competencies for 
somee countries, and a developing strategy for other 
countries. . 

Ann interesting aspect in the history of Airbus 
concernss the Dutch firm Fokker, which was invited 
too participate in the Airbus-consortium at an early 
stagee (Hayward, 1986). At that time, Fokker exclu-
sivelyy built aircraft for short-range passenger flights, 
andd like Airbus it was aiming to move into the 
segmentt of long-range turbofan passenger aircraft. 

However,, Fokker preferred an independent position 
inn Europe, and started a collaboration with the Amer-
icann firm McDonnell Douglas in the early 1980s to 
developee a turbofan passenger aircraft. The collabo-
rationn failed after six months of collective design and 
marketingg studies (Green and Swanborough, 1982). 
Fokkerr then individually introduced the turbofan 
F.. 100 in 1986 followed by the turbofan F.70 in 
1993.. At the same time, the turbopropeller product 
linee was extended with the F.50 in 1985 and the F.60 
inn 1995. During the 1990s, Fokker ran into capacity 
andd payment problems, which led the national gov-
ernmentt to withdraw its subsidies from its sole air-
craftt industry. From the perspective of the model, the 
lackk of a technological specialization pattern in the 
Dutchh aircraft industry may have contributed to its 
recentt breakdown. With hindsight, integration into a 
Europeann framework could have provided a more 
appropriatee scale on which to face global competi-
tion. . 

Thee examples of the Concorde and Airbus do not 
warrantt any strong conclusion regarding the speci-
ficityficity  of transnational network formation. Rather, 
theyy are meant as illustrations of institutional innova-
tionss that allow countries to explore new product 
trajectoriess collectively. The recombination of 
nationall  specialization patterns at the transnational 
introducess a nested governance structure. Transna-
tionall  networks can experiment with new combina-
tionss between technologies and markets without 
destroyingg existing specialization patterns at the na-
tionall  level. Stable specialization patterns at the level 
off  countries, however, are not sufficient for transna-
tionall  recombination, but historically contingent on 
politicall  considerations. Once a transnational collab-
orationn is in place, its continuation is largely depen-
dentt on its commercial success. When experiments 
provee to be failures, other recombinations are still 
possiblee since the national patterns are still in place. 
Thus,, vested interests in national innovation net-
workss are compatible with the exploration of new 
trajectoriess at a supra-national level. In the European 
contextt this implies that the formulation of common 
technologyy policies does not preclude the continua-
tionn of programs at the national level. 

Ass explained above, the example of Airbus is 
importantt in more than one respect. On the one hand, 
thee consortium built upon the national competencies 
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off  France and the UK. On the other hand, it served 
ass a strategy to develop an aircraft industry in Ger-
manyy and Spain. Technology transfer through 
transnationall  collaboration has not been confined 
onlyy to Europe. Non-European examples include die 
Italian-Braziliann collaboration within AMX which 
allowedd Brazil to enter the turbofan fighters market 
inn die late 1970s, and the Spanish-Indonesian col-
laborationn within Airtech established in 1980 which 
launchedd Indonesia into cargo and passenger trans-
portt using turboprop technology. More recently, Air-
buss and Alenia have started negotiations widi China's 
AVI CC and Singapore's STPL in an attempt to secure 
aa strategic position in commercial aircraft in the Far 
Eastt (Jane's, 1998). 

Thee transnational network model of technology 
transferr has important implications for government 
policiess aiming at penetrating a high-tech industry. 
Comparedd to earlier technology transfer practices, 
thee network model constitutes an institutional inno-
vation.. Just after the Second World War, many 
countriess followed a transfer model via licensing 
agreementss to (re-)vitalize their aircraft industries. In 
retrospect,, this model can be considered a typical 
Cold-Warr institution as the United States and the 
formerr USSR licensed most aircraft designs. Impor-
tantly,, licensing involves what can be called "first-
order""  knowledge transfer, as the knowledge trans-
ferredd concerns me production technology of an 
existingexisting aircraft. In contrast, me network model is 
basedd on the co-development of new aircraft, which 
allowss participating parties to exchange (tacit) 
knowledgee and to extend their individual compe-
tencee bases collectively. This form of collaboration 
cann be called "second-order" knowledge transfer 
sincee the knowledge transferred concerns the devel-
opmentt of new aircraft designs. Thus, the collabora-
tionn aims at a collective output, and is in essence a 
process-orientedd transfer model. It allows countries 
too catch up with state-of-tiie-art design procedures 
thatt can be put to further use in future product 
developments. . 

7.. Summary 

Thee NK-mo6e\ provides us with a heuristic simu-
lationn of complex innovation networks of producers, 

users,, and national governments. We derived from 
mee model that among the possible combinations, 
theree are many local optima to be expected. Net-
workss will then specialize among these local optima, 
whichh reflect the complementary combinations 
amongg technologies, markets, and countries. Empiri-
call  analysis of product innovations in die aircraft 
industryy shows üiat the degree of specialization in-
creasedd rapidly after die Second World War. This 
resultt suggests mat the "complexification" of inno-
vationn networks in the aircraft industry is a historical 
phenomenonn emerging after the Second World War. 

Thee complexity of innovation networks renders 
diee outcomes of die strategic choices of national 
governmentss highly uncertain. The scope for clear-cut 
policiess is limited since the viability of specialization 
patternss cannot be judged ex ante, but only be dis-
coveredd ex post. Nevertheless, some preliminary 
conclusionss have been drawn diat merit further re-
search.. First, the pattern of specialization diat 
emergedd in die post-war aircraft industry shows diat 
aa number of small countries started to focus on 
particularr technology/market combinations. By 
meanss of focusing research and development in a 
veryy specific area, diese countries have been able to 
sustainn a viable position vis-a-vis larger countries 
profitingg from economies of scale and political dom-
inance.. Second, we concluded mat transnational net-
workss might become the new model of technology 
transfer,, since diese networks allow countries to 
recombinee dieir competencies by co-developing 
productt innovations. 
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Chapterr  9 

Summary,, conclusions, and further  research questions 

Thee final chapter of this study summarises the main arguments and conclusions of the study 
andd discusses a number of issues for further research. The chapter is divided in the following 
fivee sections. 

Inn Section 9.1,1 reflect on the main contributions of this study to the understanding of 
technologicall  development in general, and to the understanding of product innovation in 
complexx systems in particular. I wil l go into the theoretical, methodological, and empirical 
contributionss of this study, highlighting the synthesis of theory, methodology, and data. 

SectionSection 9.2 provides an extensive summary of the arguments made in this study. I 
discusss the main lines of arguments. In this summary, I follow the outline of the study in its 
threee parts: "Part I: Formal models and appreciative theorising", 'Tart II : A model of product 
innovationn in complex systems", and "Part III : Empirical studies of technological 
development". . 

Inn Section 9.3,1 list the main conclusions that have been derived from the study. A 
distinctionn is made between theoretical conclusions that have been derived from the 
generalisedd NK-model of innovation in complex systems, and empirical conclusions that are 
basedd on the results of the analysis of technological development in aircraft, helicopters, 
motorcycles,, and microcomputers. 

SectionSection 9.4 discusses further applications of the generalised NK-model as a theoretical 
frameworkk for studying technological innovation. Other possible applications cover a wide 
rangee of subjects. I wil l go into models of (0 the product life-cycle, (it) the interplay between 
incremental,, modular, architectural, and radical innovation, (Hi) search heuristics, (iv) inter-
firmm collaboration, and (v) technical standards. 

InIn Section 9.5,1 discuss a number of empirical research questions that can draw on the 
statisticall  methodology developed in this study. A number of research questions wil l be 
formulatedd concerning the topic of product variety and economic development. The research 
questionss are discussed according to different levels of aggregation, and concern questions 
relatedd to (i) product variety and industry development, (ii)  product variety and economic 
growthh at the national and regional level, and (Hi) product variety and international trade. 

9.11 CONTRIBUTIONS OF THE STUDY 

Thee point of departure in this study is to view technologies as complex systems containing 
elementss that function interdependently. Elements of a technology typically refer to the set of 
componentss that are incorporated in an artefact (e.g., in the case of cars, components are the 
engine,, tires, steering wheel, springs, brakes, et cetera). Other design dimensions of artefacts 
cann also be taken into account in the framework developed in this study such as the number of 
engines,, wheels, gears, et cetera, and the presence or absence of a component (e.g. airbag 
presencee or absence, air-conditioning present or absent, et cetera). 
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Thee complexity in designing an artefact stems from the interdependences between 
elementss in complex systems. The interdependencies or "epistatic relations" imply that the 
choicee of one element affects the functioning of other elements. The design question then 
becomess in what combinations the collective functioning of elements is optimal. Therefore, 
thee design process can be considered as a combinatorial optimisation problem (Simon 1962, 
1969,, 1973; Bradshaw 1992). 

Thee complexity of the design process stems from the combinatorial explosion of the 
numberr of possible designs that can be assembled from a given set of elements. Let N stand 
forr the number of elements in a technology and assume that one can choose among two 
"alleles"1233 per element. The number of possible designs that makes up the design space adds 
upp to 2 . Thus, even for technologies containing a relative small number of elements and 
variantss per element, the design space of possible combinations is large. 

Thee design problem holds that optimisation by means of exhaustive search, i.e., by 
simplyy testing the functionality of all possible designs and then choosing the optimal one, is 
veryy time consuming and generally too expensive. Therefore, designers are expected to 
followw other non-exhaustive search strategies that are less expensive but may well lead them 
too sub-optimal solutions. 

Thee problem of combinatorial complexity provides the analytical basis for discussing 
searchh strategies that aim to find a reasonable solution in relatively short time. Such strategies 
tryy to reduce search time in an intelligent manner and are called heuristics. One well-known 
heuristicss is local trial-and-error, a strategy that has much in common with natural selection 
inn biological evolution (Simon 1969). This strategy holds that designers proceed by mutating 
randomlyy one of the elements in the system. If the mutation improves the technology's 
quality,, it is accepted, and if the mutation does not improve the technology's quality, it is 
rejected.. Variations on this strategy are basedd on the number of elements mutated at the same 
timee (the "search distance"). 

Althoughh trial-and-error search describes important features of technological 
innovationn (in particular its incremental nature), and although the similarity with natural 
selectionn in biological evolution is attractive (since it allows for transfer of insights from 
biologyy to economics), it is a rather limited account of the search behaviour of designers. 

Inn particular, I have argued that models of trial-and-error search ignore the fact that 
designerss can use information on users*  preferences. Starting from a list of functions of the 
technology,, designers can rank the functions according to the priority that users assign to 
eachh function. Using this information of users' preferences, designers are expected to focus 
onn mutating elements that affect the function they aim to optimise, in a sequence from most 
too least important function. This search strategy, which is called "function space search", is 
fundamentallyy different from trail-and-error strategy (Bradshaw and Lienert 1991; Bradshaw 
1992).. The latter strategy is based on random mutations in elements and is blind with respect 
too the function that is improved alike biological evolution, while the former strategy starts 
withh selecting the function that is to be improved and then selects the elements for mutation. 

Thoughh substantially different, trail-and-error search and function space search can be 
representedd and compared in the same formal model of innovation in complex technological 
systems.. The formal model developed in this study is a generalised version of Kauffrnan's 
(1993)) NK-model. The generalised NK-model describes systems with any number functions, 
describess selection environments with any ranking of functions, and describes any number of 
selectionn environments (e.g., user groups). 

Exampless of alleles of elements are gasoline or electric engines, airbag present or airbag absent, et cetera. 
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Usingg this model, analytical insights have been derived concerning a number of issues 
inn innovation studies, including: 

-- the trade-off between the number of product varieties adapted to specific user groups 
versuss economies of scale in producing a single "dominant design" 

-- the potential of designing product varieties within a dominant design to realise economies 
off  scope that stem from the common use of core elements in different designs 

-- the rigidity of a dominant design that, once diffused, has a capacity to adapt to changing 
environmentss without changing its core technologies 

Thee generalised NK-model of innovation in complex systems does not only provide a formal 
frameworkk to theorise about technological development, but is also consonant with 
combinatoriall  statistical methods. In this study, a statistical methodology is described that is 
basedd on entropy statistics. The entropy concept stems from the concept of a design space of 
alll  possible combinations between elements. In this state space, an individual designer 
"movess around" by experimenting with different combinations between variants of elements 
analogouss to particles moving around in a state space. A population of designers (firms) that 
movess around in a state space makes up a frequency distribution of designs in phase space. 
Thee entropy of this distribution indicates the variety in the distribution of the population of 
designs.. In short, entropy is at a maximum when designers would randomly move through the 
designn space of possible designs yielding maximum design variety, and entropy is minimum 
whenn designers all choose one and the same design yielding minimum design variety. 

Oncee it is understood that the entropy concept can be transferred to frequency 
distributionss of technological designs, one can apply the whole apparatus of entropy 
methodologyy to data that describe product designs. These data, generally called "product 
characteristics",, describe each product design in terms of the combinations of elements 
incorporatedd in a design (e.g., type of engine, type of material, et cetera) and in terms of the 
levell  of functions that the design produces (e.g., speed level, safety level, et cetera). Using 
thiss data for aircraft, helicopters, motorcycles and microcomputers, entropy describes the 
evolutionn of these product technologies in terms of product variety. 

Thee empirical analyses show that product variety stems from a branching process of 
differentt "technological paradigms" each of which is dominant in different market segments 
orr "niches". The number of market segments in an industry thus limits the degree of product 
variety.. For example, four different paradigms in aircraft technology have been distinguished 
-- piston propeller engine, turbopropeller engine, turbofan engine, and jet engine - which are 
dominatingg in different niches: business and trainer aircraft, passenger and cargo aircraft, 
mass-passengerr and mass-cargo aircraft, and fighter aircraft, respectively. By contrast, in 
helicopterr technology there is a single technological paradigm dominating as the creation of 
neww niches in which new paradigms could have been developed, is inhibited by inter-
technologicall  competition with aircraft technology. 

Inn summary, the framework developed in this thesis encompasses a theoretical model 
off  innovation in complex systems, an entropy methodology based on combinatorial statistics, 
andd empirical applications based on product characteristics of several technologies. The study 
thuss provides a synthesis between theory, methodology and data. This synthesis is made 
possiblee by elaborating on the theoretical, methodological, and empirical implications of 
conceptualisingg design as a complex combinatorial problem. The main contribution of this 
studystudy lies in the synthesis of theoretical, methodological, and empirical analysis of 
innovationinnovation in complex technological systems. 
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9.22 SUMMARY 

Inn the former section, the main contributions of this study to the understanding of 
technologicall  innovation have been discussed. In this section, an extensive summary is 
providedd of the line of argument that has been followed in the study. In the summary, I will 
holdd on to the outline of the study in the three parts: "Part I: formal models and appreciative 
theorising",, "Part II: a model of innovation in complex systems", and "Part III : empirical 
studiess of technological development". 

Inn the first part, the gap between formal evolutionary models and empirical studies of 
technologicall  development is described. This description led me to a list of important 
empiricall  findings that are neglected in formal models. The second part of the study takes up 
thee challenge to develop a formal model that incorporates features of technology that have 
beenn stressed in empirical studies, but have rarely been addressed in formal models hitherto. 
Thee third part of the study develops a statistical methodology with which empirical data on 
fourr technologies are analysed. 

9.2.11 Summary of Part I: Formal models and appreciative theorising 

PartPart I of the study includes only Chapter 1. In this chapter, I reviewed a number of formal 
evolutionaryy models and a number of history-based "appreciative theories" of technological 
development.1244 The main objective of this chapter has been to show that formal models of 
technologicall  development, although in many respects compatible with appreciative theories, 
excludee a number of important features of innovation. From the reviews of formal models 
andd appreciative theories, I listed a number of important features of technological innovation 
thatt are to be addressed in future formal models of technological development. 

Thee chapter starts with a discussion of formal evolutionary models. These models all 
followw Atkinson's and Stiglitz's (1969) assumption of localised technological change. Under 
thiss assumption, technological change is no longer represented as a shift in the production 
functionn as a whole, as in neoclassical economics, but as efficiency improvements in the 
technologyy that is currently in use. This conceptualisation of technological development 
introducess time as an important variable. When technological improvements are localised in 
thee particular technology in use, a sufficiently long period of use renders the adoption of the 
technologyy irreversible, as other technologies become obsolete. In that case, technological 
substitutionn can take place only by radical innovation that introduces a new technology on the 
market.. The lock-in model of Arthur (1988, 1989) and the hyperselection model of Bruckner 
etet ai. (1994, 1996) can be considered as a further elaboration of the concept of localised 
technologicall  development. These models show how the rate of diffusion of an individual 
technologyy can be made dependent on the number of earlier adopters reflecting increasing 
returnss to adoption for producers and users of the same technology. 

Inn evolutionary economics, Nelson and Winter (1982: 46) introduced the distinction between formal models 
andd appreciative theories. Formal models attempt to describe general economic phenomena formally using 
mathematicss and simulation techniques (e.g. growth models, competition models, and international trade 
models).. Appreciative theories refer to broad applied frameworks that attempt to explain a particular case in full 
detaill  using both qualitative and quantitative data (e.g. industry studies, country studies). 
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Comparedd to the formal evolutionary models, appreciative theories provide a more 
comprehensivee view on the process of technological development by classifying the 
evolutionn of technologies in particular stages of development, by distinguishing between 
dynamicss in product and process innovation, and by looking at the co-evolution of 
technologyy and industrial structure. One of the most elaborated theories concerns the product 
life-cyclee model as developed by Vernon (1966), Utterback and Abemathy (1975) and 
Abernathyy and Utterback (1978). In the product life-cycle model an explorative stage, a 
developmentt stage, and a mature stage are distinguished. In the explorative stage, product 
innovationn is dominant as many firms explore the new technology in different directions. 
Duringg the development stage, progressive product standardisation takes place into a 
"dominantt design", which triggers process innovation in large-scale production systems. In 
thee mature stage, both product innovations and process innovations occur at a low rate, and 
technologicall  development slows down until a new product life-cycle is started through the 
introductionn of a radically new technology. The concepts of product life-cycle and dominant 
designn share many features with the concepts in evolutionary economics of "natural 
trajectory""  and "technological regime" introduced by Nelson and Winter (1977), and 
"technologicall  trajectory" and "technological paradigm" introduced by Dosi (1982). 

Thee formal models of technological evolution are by no means incompatible with the 
appreciativee theories of the product life-cycle. The emphasis on the incremental nature of the 
largerr part of technological development is consonant with Atkinson and Stiglitz's (1969) 
formall  concept of localised technological development. The emergence of a dominant design 
cann be well explained by the lock-in model of Arthur's (1988, 1989). And, successions of 
productt life-cycles can be modelled by the hyperselection model of Bruckner et al. (1994, 
1996).. However, a number of issues raised by appreciative theorising have not yet been made 
thee subject of formal models. 

AA first issue that is stressed in appreciative theories holds that innovation is better 
understoodd when technology is considered as a complex system of interrelated elements 
insteadd of as an input-output function (Rosenberg 1969; Sahal 1985). A second issue that is 
largelyy ignored in formal models is bounded rationality: since the outcome of design choices 
cann not be predicted ex ante, designers use heuristics in deciding how to proceed in the 
designn process (Simon 1969; Nelson and Winter 1977). A third issue that is generally not 
addressedd in formal models concerns product innovation as economists tend to concentrate 
theirr analyses on process innovation. Appreciative theories of technological development 
havee stressed the importance of product innovation for understanding the evolution of 
industries,, including the interplay between product innovation and process innovation over 
thee product life-cycle (Utterback and Abernathy 1975; Abemathy and Utterback 1978). 

Att the end of Chapter 1, the main objective of the study is formulated, which is to 
developp a model of product innovation in complex technological systems. This model should 
nott follow the input-output representation of technology, but should explicitly represent a 
productt technology as a complex system of interrelated elements. Furthermore, the output of 
differentt technologies should not be modelled as homogenous but as a bundle of quality 
attributess ("service characteristics"). The process of product innovation can then be 
understoodd as a bounded rational, "heuristic" search for complementary combinations of 
elementt technologies in a complex system. A technological trajectory can then be understood 
ass the continued use of particular combinations of element technologies, and can be indicated 
empiricallyy as such. 
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9.2.22 Summary of Part II : A model of product innovation in complex systems 

Inn Part II, I developed a model of product innovation in complex technological systems. This 
modell  is a generalised version of Kauffinan's (1993) NK-model. The NK-model, which 
originatedd from evolutionary biology, explains the analogy between biological evolution 
throughh natural selection and human problem-solving through random trial-and-error in a 
formall  way. Moreover, the NK-model provides a framework to address important differences 
betweenn features of biological evolution and features of technological evolution. 

ChapterChapter 2 introduces Kauffrnan's (1993) original NK-model of complex systems. In 
thiss model N stands for the number of elements in a system and K stands for the number of 
dependenciess or "epistatic relations" per element. Using this model, I addressed an important 
differencee between technological and biological evolution. Biological evolution is local in 
thatt mutations occur in single genes, while technological evolution can in principle be global 
inn that more elements can be mutated at the same time. Using a global search strategy, which 
iss equivalent to exhaustive search, the globally optimal design can always be found (although 
itt generally takes many trials to find out). Therefore, the key assumption of localised 
technologicall  change, which is common in evolutionary economics, requires a theoretical 
argumentation. . 

Fromm a simulation of competing designers applying either local or global strategies, 
thee assumption of local search is legitimised. The simulation results show that designers 
applyingg global search require much more time to find the optimal solution compared to 
designerss applying local search to arrive at sub-optimal, but reasonable solutions. In an 
evolutionaryy environment, designers with the latter type of strategy perform better since they 
aree able to increase the fitness of design at a faster rate, even though these designers may not 
bee able to find the global optimum. 

ChapterChapter 3 addressed another difference between biological and technological 
evolution.. This difference concerns the relationship between the mutation mechanism and the 
selectionn mechanism. In biological theory, mutations are modelled as occurring randomly and 
independentt from the state of the selection environment. By contrast, human designers are 
ablee to take into account the properties of the selection environment when deciding on what 
elementt of a technology to mutate. Therefore, technological innovation can be guided by 
information-exchangee between designers that produce new variations and users that select 
amongg variants ("user-producer interaction"). 

Inn order to model the interaction between designers and users, I first developed a 
generalisedd NK-model in which the selection environment can be represented. The first 
generalisationn of the model concerned the possibility to describe complex technological 
systemss that contain any number of elements and any number of functions. Following 
Saviottii  and Metcalfe (1984), I called the elements of a technological system "technical 
characteristics""  that can be manipulated by producers, and I called the functions of a 
technologicall  system "service characteristics" on the basis of which users select a product. 

Thee second generalisation of the model concerned the possibility that users do not 
weighh all functions equally. This is generally the case as users value some service 
characteristicss higher than other service characteristics. This generalisation was achieved by 
assigningg different weights to the various service characteristics in the original fitness 
functionn of the NK-model. This generalisation allowed me to define user groups as 
consumerss that apply a specific set of weights when comparing the quality of different 
products. . 
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AA final generalisation of the model concerns the way in which types of innovations 
otherr than mutations can be modelled. Following the classification by Henderson and Clark 
(1990),, it has been shown how four types of innovation - modular, architectural, incremental, 
andd radical innovation - can be represented in a generalised NK-model. All the 
generalisationss taken together make up a generalised NK-model, or, what I have called a 
generalisedgeneralised model of product innovation in complex technological systems. 

ChapterChapter 4 reflects on the product life-cycle model, including the notions of dominant 
designn and technological paradigm, in the light of the properties of this generalised NK-
model.. The central concept in this chapter is plieotropy. The pleiotropy of an element stands 
forr the number of functions that change when the element is mutated. Elements with high-
plieotropyy are elements that affect many functions and elements with low pleiotropy are 
elementss that affect only few functions. I defined core elements as elements with high 
pleitropyy and peripheral elements as elements with low pleiotropy. An important property of 
complexx systems holds that the probability of success of a mutation depends inversely on the 
pleiotropyy of an element. The higher the pleiotropy of an element, the larger the chances of 
negativee by-products, the lower the chances of success. 

Usingg the distinction between elements with high and low pleiotropy, it is argued that 
processs innovations that increase economies of scale affect product variety in a different way 
thann process innovations that increase economies of scope. An increase in economies of scale 
reducess product variety as mass-products can be sold at low prices thus driving out product 
varietiess produced in small quantities. An increase in economies of scale due to process 
innovationn can thus explain the emergence of a dominant design. By contrast, an increase in 
economiess of scope, for example, due to the introduction of flexible process technologies, is 
expectedd to lead to more product varieties. And, since the probability of success of a mutation 
iss highest for low-pleiotropy elements, these varieties are expected to stem from variations in 
peripherall  elements leaving the core elements unchanged. 

Thee description of a product life-cycle can then be elaborated in the following way. 
Att the start of a product life-cycle, firms concentrate on finding well working core elements. 
Oncee alleles for high-pleiotropy elements are selected, e.g. through increasing returns to 
adoption,, a dominant design becomes established. Hereafter, innovation no longer 
concentratess on alleles of core elements, but on designing product varieties based on 
mutationss in peripheral elements. The different varieties of a dominant design can be 
efficientlyy produced due to economies of scope in the re-use of one single "knowledge base" 
andd machinery required for the production of the different varieties that are based on a single 
sett of alleles of core elements. 

Thee transition process between an old product life-cycle and a new product life-cycle 
cann be understood in this model as a process of change of alleles of core elements. As 
explained,, a mutation is a core element alone is unlikely to be successful due to the many 
negativee by-effects a mutation in a core element generates. Therefore, a transition of product 
life-cycless is characterised by rapid change in many elements of the system as successful 
mutationss in core elements require many complementary adjustments in peripheral elements. 
Forr example, the introduction of jet engines in aircraft technologies led to adjustments in 
manyy other elements in aircraft (Constant 1980). 

Anotherr important insight that has been derived from the generalised NK-model holds 
thatt a technological paradigm has a capacity to adapt to a changing selection environment by 
meanss of mutation in low-pleiotropy peripheral elements. This adaptive capacity of 
technologicall  paradigms renders it difficult to introduce rival core technologies. Policies 
aimingg at triggering the introduction of rival core technologies can face unexpected 
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consequencess when it turns out that the existing paradigm is able to adapt by means of 
mutationss in peripheral elements without substitution of core elements. For example, price 
policiess and emission norms have not yet led to the successful introduction of alternative 
enginee elements in many technologies, including cars (cf. Saviotti 1986; Schot et al 1994). 

Thee product life-cycle model including the concept of dominant design and 
technologicall  paradigm is one out of more possible issues to which the generalised NK-
modell  can be applied. Other applications of the generalised NK-model are discussed below in 
SectionSection 9.4 when dealing with questions for further research. 

9.2.33 Summary of Part III : Empirical studies of technological development 

PartPart III  includes empirical studies that address the evolution of different technologies in 
termss of the product variety, the industrial dynamics, and the specialisation patterns of firms. 
Al ll  studies are primarily but not exclusively based on entropy statistics. Entropy 
measurementss are used in this study to characterise the degree and nature of variety in a 
distributionn of product designs. Repeating entropy measurements over long periods of time 
informss one about the historical pattern of technological development as expressed in the 
changess in the degree and nature of product variety over time. 

ChapterChapter 5 introduces entropy statistics. It is argued that entropy is especially suited to 
mapp evolutionary patterns of development because entropy is based on frequency 
distributionss only. Maximum and minimum entropy can then be considered as two extremes 
off  evolutionary processes. Maximum entropy occurs when designers would randomly select 
thee alleles for all elements leading to a maximum possible variety in designs. Minimum 
entropyy occurs when designers all select the same alleles for all elements. In the context of 
evolvingg populations of product designs, entropy indicates product variety. The product 
varietyy that actually occurs is constrained by selecting conditions such as user preferences 
andd economies of scale. 

Entropyy is not only suited to map the degree in product variety, but also the nature of 
productt variety using the mutual information measure. Mutual information is a dependence 
measuree that indicates to what extent different alleles of different elements are co-occurring. 
Forr example, mutual information between the engine dimension and the wing dimension of 
aircraftt designs would be high when propeller engines always co-occur with straight wings 
andd jet engines always co-occur with swept wings (or vice versa). The mutual information 
indicatess to what extent there exists clustering of designs in different "design families". A 
loww mutual information value indicates the existence of one dominant family as one expects 
whenn a dominant design emerges based on common core elements, while a high mutual 
informationn value indicates multiple design families and the absence of a dominant design. 

Patternss in technological evolution and industrial dynamics in the aircraft and 
helicopterr industry have been mapped using data on alleles of six design dimensions in 
aircraftt designs and data on alleles of five design dimensions in helicopters design. The 
analysiss of the aircraft industry concerns the period 1913-1984 and the analysis of the 
helicopterr industry concerns the period 1940-1983. The results show that the history of the 
helicopterr industry can be considered as a "paradigmatic" example of the product life-cycle 
model.. In the helicopter industry, a dominant design emerged in the fifties, a shake-out 
occurredd around the same time, and the degree of specialisation among firms dropped as the 

Mutuall  information equals the sum of entropy of all N one-dimensional distributions minus the entropy of the 
W-dimensionall  distribution. 
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survivingg firms were producing similar variants of the dominant design. One dominant 
"designn family" was found that consisted of small variations of the dominant design. 

Byy contrast, the development of the aircraft industry showed a very different dynamic. 
Whilee the industry went through a shake-out around the time the alleged dominant design had 
beenn introduced (the Douglas DC-3), product variety kept on increasing and the degree of 
specialisationn among firms increased too. These finding point to the co-existence of multiple 
dominantt designs with different firms specialising in one of the dominant design and its 
associatedd knowledge base. 

Thee clustering of aircraft designs resulting is concentrated in some dimensions and 
cann be understood in the light of the generalised NK-model: particular engine types are co-
occurringg with particular wing types, and with lesser extent to a particular number of engines. 
Thesee results suggest that important epistatic relations exist between these dimensions 
reflectingg the trade-offs in aircraft technology. The functionality of a particular engine type 
dependss heavily on the complementarity with the type of wings used and the number of 
enginess used. Different combinations of alleles are used in different segments of the market 
inn which different bundles of service characteristics are demanded. I distinguished between 
fourr families of designs on the basis of the engine type: a piston propeller family (small-size, 
low-speed),, a turbopropeller family (medium-size, medium-speed), a jet family (small-size, 
supersonic-speed),, and a turbofan family (large-size, subsonic-speed) 

ChapterChapter 6 concerns a second empirical study on product variety in the aircraft, 
helicopter,, motorcycle, and microcomputer industries (Frenken et al. 1999b). This study 
extendss the analysis in Chapter 5 in that four instead of two technologies are analyses, and 
twoo instead of one variety measures are applied. The first measure is again the entropy 
measuree as above, and the second measure is Weitzman's (1992) measure applied to pair-
wisee distances between each pair of two product designs in a product population. Concerning 
thee technical characteristics, we used pair-wise Hamming distance and concerning the service 
characteristicss we used pair-wise Euclidean distance. By means of measuring product variety 
inn design space (i.e., technical characteristics) and in function space (i.e., service 
characteristics),, we were able to link the change in technological variety to changes in 
productt differentiation. 

Thee results show important differences in the evolution of the four technologies. In 
twoo cases, helicopters and microcomputers, long-term variety decreased, while in the two 
otherr cases, aircraft and motor cycles, long-term variety increased. The patterns indicate that 
onlyy in two out of four industries, dominant designs have indeed emerged and have led to a 
reductionn in product variety. In the other two industries, dominant design did not occur or did 
nott last. Instead, long-term variety increased. The results have important implications for the 
conceptt of dominant design. In the technologies we studied dominant designs appear, but 
theyy are not as dominant as implied by the initial version of the concept. For example, in 
aircraftt several designs coexist, one in each of the niches into which the technology can be 
subdivided.. This branching pattern, or "speciation", can be considered as a technological 
divisionn of labour, which originated historically as each design established itself in a market 
segmentt or "niche" in which it had a comparative advantage. 

Usingg data on technical and servicee characteristics on electric motors, Almeida (1999) also found a branching 
patternn of different dominant designs present in different niches. Similarly, Levinthal (1998) argued on the basis 
off  a qualitative study mat the emergence of wireless telephony is to be considered as a new branch in 
telecommunicationss technology, and labelled this development process technological "speciation". The same 
argumentt has been made by Castro Fialho et al. (2001) regarding the technological evolution of polymer 
technologies. . 
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Itt is argued that the evolution of technological variety can be explained by an 
evolutionaryy model that relates technological variety to the scope for niche creation (see 
also,, Frenken et al. 2000). The scope for niche creation of a technology is expected to 
increasee over time due to product innovations that enlarge the market for a product (e.g. 
fasterr cars, bigger cars), unless this scope for niche creation is limited by special conditions. 
Conditionss that limit product variety, include (i) the existence of inter-technological 
competitionn between different technologies (ii)  the rate of cost and price reductions, and (iii ) 
networkk externalities arising from standardisation. These conditions provide an explanation 
whyy product variety in helicopter and microcomputers has decreased. In the case of 
helicopterr technology, as explained above, the presence of aircraft technology limited the 
possibilitiess to develop new niches for helicopters at the high end. In the case of 
microcomputers,, niches at the low-end of market did not appear due to the rapid cost and 
pricee reductions in models in the higher end of the market. Moreover, variety in computers is 
limitedd by compatibility requirements that generate positive network externalities. 

ChapterChapter 7 deals with scaling in product designs along technological trajectories in 
civill  aircraft (Frenken and Leydesdorff 2000). In this study, a measure is proposed to indicate 
scalingg of designs along technological trajectories over time. Scaling is indicated when two 
successivee designs are similar in the ratios between the levels of product characteristics. This 
scalingg measure is also applied to a whole population of products by comparing each single 
designn pair-wise with all other designs in the population. 

Thee patterns in scaling at the industry level show two cycles of low degree of scaling 
followedd by a high degree of scaling. This cyclical pattern indicates two successive 
technologicall  paradigms. Each cycle starts with a pre-paradigmatic stage with a low degree of 
scalingg followed by a paradigmatic stage with a high degree of scaling. The results confirm 
thee historical studies that have described two successive technological paradigms in civil 
aircraft,, one based on piston propeller engine technology and one based on turbofan engine 
technology.. The paradigmatic stages of development show a pattern of technological 
innovationn that is characterised by incremental scaling in a series of designs starting from a 
dominantt design (cf. Sahal 1985; Gardiner 1986a,b). 

Notee that the conclusion of two successive technological paradigms in civil aircraft is 
nott incompatible with the conclusion that no single paradigm gained dominance at the level 
off  the aircraft industry as a whole. The former conclusion refers to technological 
developmentt in one market segment only, while the latter covers all segments including civil 
aircraft,, business aircraft, fighters, bombers, cargo and trainers. An important conclusion 
holdss that different dynamics in technological development can be indicated at different 
levelss of aggregation. 

Inn this study, we also showed that scaling patterns can be analysed in two time 
dimensions.. A design can be compared to preceding designs to test for convergence of 
scalingg patterns and a design can be compared with succeeding designs to test for diffusion of 
onee particular scaling pattern. Each design can then be plotted in a matrix mapping the degree 
off  scaling with preceding designs on one axis and the degree of scaling with succeeding 
designn on the other axis. Designs that can be considered as a scaled version of preceding 
designss may be the designs that set the standard for future scaling in succeeding, but not 
necessarilyy so. 

Dominantt designs can be considered as designs that are both a scaled version of 
precedingg designs and a design that set the stage for scaling in succeeding designs. Since 
dominantt designs typically emerge by means of a recombination and integration of product 
innovationss that previously were incorporated in different designs, a dominant design is a 
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designn that follows on existing scaling pattern. And, since firms are expected to imitate the 
dominantt design to profit from network externalities arising from standardisation, a dominant 
designn is a design that sets the stage for scaling in succeeding designs. 

ChapterChapter 8 concerns the last empirical study reported in this study (Frenken 2000). In 
thiss chapter, it is shown how the original NK-model of complex systems as described in 
ChapterChapter 2 can also be used to model complementarities between competencies of actors in an 
"innovationn network". The actors that are distinguished in this study are producers that 
contributee with technological knowledge, users that contribute with knowledge on product 
requirements,, and national governments that contribute with facilitating infrastructure, 
financee and supporting policies. Using this model, one can understand international 
specialisationn of countries in particular technologies applied to particular markets as a 
consequencee of interrelated and complementary strategies between producers, consumers and 
governmentall  bodies. Once joint strategies prove successful, networks are expected to 
stabilise. . 

Thee empirical results covering all technologies, markets and countries in the world 
aircraftt industry, show that the degree of specialisation has risen substantially in the post-war 
period.. Our results suggest that innovation networks as defined as successful combination 
betweenn producers, users, and governments, only started after the Second World War. During 
thee post-war period, countries increasingly specialised in developing products based on a 
particularr technology and applied to a particular user market. In particular, new engine 
technologiess were initially introduced in specific segments in specific countries before 
diffusingg in other segments.127 

Thee analysis of specialisation patterns also puts a nuance to Vernon's (1966) 
internationall  product life-cycle model. This model holds that, when product standardisation 
hass taken place, production shifts from high-wage developed countries to low-wage 
developingg countries. In the history of aircraft industry, developing countries indeed typically 
enteredd through the development of new aircraft models based on mature technology. 
However,, some developed countries continued to develop new aircraft models using 
standardisedd mature technology, in particular, when demand for this technology is primarily 
national.128 8 

Thee study also goes into the more recent development of transnational collaborations 
betweenn firms within consortia {e.g. Airbus). In the light of the NK-model developed earlier 
inn the article, this institutional development can be understood as a means to escape historical 
specialisationn patterns of individual countries by aligning with partners that have built up 
competenciess in other technologies or markets. In transnational networks a new design is co-
developedd by the participating parties, which allows them to exchange heuristics about 
design,, production, and marketing. I suggested that transnational networks of innovative 
activityy could well become an important new model of technology transfer in other industries 
too. . 

Thiss result is in accordance to the policy model of "strategic niche management" as proposed by Schot et al. 
(1994),, Rip et al. (1995), and Rip and Kemp (1998). This policy model states that new technologies are most 
likelyy to be successful when initially introduced in a niche segment in which the technology is shielded from 
competitionn with established technologies used in other segments. 

Forr example, American firms continued to develop new aircraft models using piston propeller engine 
technologyy and straight wings at the time that this technology is considered to have matured. These product 
innovationss developed by American firms primarily concerned small private and corporate aircraft 
predominantlyy sold in the home market. 
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9.33 CONCLUSIONS 

9.3.11 Theoretical conclusions 

AA number of theoretical conclusions from the previous chapters are listed below. 

1.. {Chapter 2) In the NK-model by Kauffman (1993), N stands for the number of elements 
inn a system and K stands for the number of other elements that affect the functioning of 
ann element. The K-value of a system indicates the complexity of a system as it indicates 
thee degree of connectivity between elements. 

Ann alternative measure of complexity is the "cover size" of a system, which is a 
computationall  measure of the number of mutations required to find the global optimum. 
Thiss number of mutations depends on the degree of decomposability of a system, which 
iss the finest possible partitioning of a system in subsystems for which holds that no 
interdependenciess between subsystems exist. The complexity of a system can then be 
characterisedd by the size of the largest subsystem, called the "cover size" of a system, 
becausee the size of the largest subsystems bounds the number of mutations that is 
requiredd to find the optimal design. 

Itt is shown that the two complexity measures, the K-value and cover size, are by no 
meanss equivalent: systems with a low K-value are generally non-decomposable and thus 
maximallyy complex in terms of cover size. This means that NK-systems are generally 
computationallyy maximally complex in that the optimal design can only be found by 
meanss of exhaustive search of all possible designs. 

2.. {Chapter 2) For non-decomposable systems, it holds that the optimal design can only be 
foundd with full certainty by means of exhaustive search, i.e., by simply testing all possible 
designss and then choosing the optimal one. Exhaustive search is equivalent to "global 
search",, which allows up to N elements to be mutated at the same time. The global search 
strategyy can be distinguished from local search strategies that mutate less than all 
elementss at the same time. Local search strategies are bound to end up in a local sub-
optimum,, but they find a local optimum much quicker than global search finds the global 
optimum. . 

Itt is shown that in evolutionary environments, where competition between agents 
applyingg different search strategies takes place on current fitness and not on the fitness 
thatt would be achieved when time constraints would not matter, local search is generally 
moree successful than global search. Local search strategies require much less time to find 
aa reasonably fit solution and therefore tend to dominate in evolutionary environments. 
Locall  search is thus an important search heuristic as it reduces the search time without 
greatt loss of fitness of the end result. It can therefore be concluded that the assumption of 
locall  technological change in evolutionary economics as introduced by Atkinson and 
Stiglitzz (1969) is thus legitimated. 

3.. {Chapter 2) Local search is a powerful heuristic in searching for fit designs of nearly-
decomposablee systems. Nearly-decomposable systems are defined as systems that are 
non-decomposable,, but in which the large majority of dependencies between elements are 
locatedd in subsets of elements. When nearly-decomposable systems are considered as if 
thesee subsets were decomposable subsystems, search time is greatly reduced without 
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greatt loss in fitness of the end result. This model outcome confirms Simon's (1969) early 
notionss on the evolutionary advantages of nearly-decomposable systems. 

4.. {Chapter 3) Kauffinan's (1993) NK-model can be understood as part of a more general 
modell  of complex systems as developed by Altenberg (1995, 1997). This generalised 
modell  describes systems with any number of elements in a system (technical 
characteristics),, and any number of functions of a system (service characteristics). This 
modell  generalises the original NK-model, since the latter only describes systems in which 
thee number of elements equals the number of functions. 

AA second generalisation of the NK-model is possible by specifying fitness not as the 
averagee but as the weighted average of the fitness levels of service characteristics. This 
meanss that users weigh the various functions differently. When designers have access to 
thiss information, they can search in "function space" instead of in design space 
(Bradshaww and Lienert 1991; Bradshaw 1992). Function space search holds that designers 
directt mutations to elements that are known to affect the particular function they want to 
optimise.. It was concluded that the model of directed nature of function space search 
betterr represents human problem-solving than the model of random trial-and-error that is 
analogouss to natural selection in biological evolution. 

5.. (Chapter 3) Since function space search follows users' ranking of service characteristics, 
thee existence of different user groups with different weights of service characteristics is 
expectedd to lead to different designs for different user groups. Put another way, product 
differentiationn can be achieved by function space search for different user groups. Given a 
numberr of user groups, one expects the scope for differentiation to increase with the 
numberr of functions as more trade-offs are present between functions among which 
differentiationn is possible. Furthermore, it has been derived that the scope for horizontal 
productt differentiation depends inversely on the decomposability of a system. When a 
systemm is completely decomposable (when all elements have pleiotropy one) each 
elementt only affects one function and all functions can be optimised independently by 
mutationss in subsets of elements. This means that whatever sequence of optimisation of 
functionss is chosen, designers will come up with the same design. 

6.. (Chapter 3) The matrix classification by Henderson and Clark (1990) of four types of 
innovationn - incremental, radical, modular, and architectural innovation - can all be 
formallyy represented in the generalised NK-model of product innovation in complex 
technologicall  systems. In this classification (see figure 9-1) a "modular innovation" 
correspondss to a mutation in one or more alleles of elements without a change in the 
dependenciess between elements, while an "architectural innovation" corresponds to a 
changee in the dependencies between elements without a mutation in alleles of elements. 
Thee co-occurrence of both modular and architectural innovation is called "radical 
innovation".. Finally, an improvement in functions that occurs without modular nor 
architecturall  innovation is called "incremental innovation" (in the latter case, 
improvementss stem from innovation at a lower system level, i.e., at the level of an allele 
off  an element itself)-
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elementt unchanged element changed 

architecturee unchanged incremental innovation modular  innovation 

architecturee changed architectural innovation radical innovation 

Figuree 9-1: matrix of different types of innovation (see Section 3.3)  3.3) 

7.. (Chapter 4) The pleiotropy of an element in a complex system is the number of functions 
thatt are affected by a mutation in this element. Elements with high pleiotropy are termed 
"coree elements" in a system, since these elements affect many functions. The elements 
withh low pleiotropy are termed "peripheral elements" in a system, since these elements 
onlyy affect one or few elements. High-pleiotropy core elements and low-pleiotropy 
peripherall  elements in technological systems are similar to core and peripheral 
assumptionss in scientific theories (Lakatos 1970, 1978). 

Fromm the statistical properties of the generalised NK-model, it has been derived that 
thee higher the pleiotropy of an element, the lower the probability of success of a mutation 
inn this element. Therefore, once the alleles of high-pleiotropy core elements are selected, 
designerss are not expected to change core elements again for long periods of time because 
off  the low probability of success. 

Thee fixed set of alleles of core elements characterises a "dominant design" or 
"technologicall  paradigm"- For example, one can speak of a gasoline paradigm in cars as 
thee engine element is generally considered the core element. Within a technological 
paradigm,, modular innovation is expected to be concentrated in low-plieotropy peripheral 
elements,, as mutations in peripheral elements have littl e negative effects on the 
functioningg of other elements. Incremental innovation on the other hand is expected to 
takee place in the alleles of high-pleiotropy core elements for two reasons. First, 
incrementall  innovations in core alleles can benefit many different designs offered by a 
multi-productt firm as a design family has core alleles in common. Second, benefits from 
incrementall  innovation are expected to last since the alleles of core elements are seldom 
mutated. . 

8.. (Chapter 4) Using one set of alleles of core elements, a single firm can develop a large 
rangee of differentiated designs adapted to very specific selection criteria. These product 
innovationss are based on mutations in peripheral elements leaving the alleles of core 
elementss in tact. The offering of a variety of differentiated designs can contribute to a 
firm'ss competitive advantage since a firm can profit from "economies of scope" in the 
productionn of multiple designs that are based on the same alleles for core elements. In this 
context,, economies of scope refer to the scale economies that can be exploited with 
regardd to the production of the same set of core elements in different product designs. 

9.. (Chapter 4) From the generalised NK-model, it has been derived that policies that aim to 
stimulatee the diffusion of an alternative core technology by means of promoting particular 
functionss (safety, energy efficiency, environmental friendliness) can well lead to 
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'*unexpectedd consequences". When particular functions are promoted that are not well 
mett by the current dominant design, innovation will not necessarily focus on alternative 
coree elements, but can also concentrate on peripheral elements in the existing dominant 
technologyy that relate to this particular function. For example, innovation in the car 
industryy has been predominantly focused on peripheral elements within the existing 
gasolinee engine paradigm, rather than on alternative alleles of the core engine element. 

10.. (Chapter 8) The NK-model can also be applied as a network model of epistatically related 
competenciess of interdependent actors that cooperate in innovation projects. Using this 
model,, one can understand international specialisation of producers in particular user 
marketss in particular countries as a consequence of complementary competencies 
betweenn producers, consumers, and governmental bodies corresponding to a local 
optimum.. Once joint strategies prove successful, networks tend to become interlocked 
andd specialisation patterns are reproduced over prolonged periods of time. 

9.3.22 Empirical conclusions 

AA number of empirical conclusions from the previous chapters are summarised below. It must 
bee stressed that the empirical conclusions are derived from analyses of a limited number of 
technologies.. The list of conclusions is therefore tentative for what regards the evolution of 
technologiess that have not been analysed in this study. The conclusions can therefore also be 
consideredd as hypotheses for further research in other technologies. Such issues for further 
empiricall  research are further discussed in Section 9.5 below. 

1.. (Chapter 5 and Chapter 6) From a review of earlier studies and from an own empirical 
analysiss of four technologies, it has been concluded that the product life-cycle model and 
thee concept of dominant design are too limited to account for the patterns in product 
innovation.. Different dominant designs can co-exist in a segmented market when each 
dominantt design is competitive within its niche. This product differentiation casu quo 
clusteringg of designs in different "families" can be understood as resulting from trade-offs 
betweenn the different functions of a technology. Different user groups characterised by 
differentt sets of preferences will thus opt for different designs delivering a different 
bundlee of service characteristics. 

2.. (Chapter 5) In the history of aircraft technology, during which multiple dominant designs 
emerged,, firms tended to specialise in the production of product varieties based on one of 
thee dominant designs. Since economies of scope are associated with the production of 
varietiess based on the knowledge base of one dominant design, this result indicates indeed 
thatt economies of scope, though not directly measured, play a role in technological 
competitionn between firms. In the history of helicopter technology one dominant design 
emergedd and specialisation among firms has been falling. Firms increasingly tended to 
producee the same varieties, which all were derived from a fixed set of core elements that 
makee up the technological paradigm in the helicopter industry. This result also suggests 
thatt economies of scope, though not directly tested for, make up an important variable of 
thee competitive advantage, at least in the two cases analysed here. 
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3.. {Chapter 6) Differences in long-term patterns of product variety can be addressed in 
termss of the scope for niche creation. The larger the scope for niche creation, the larger 
thee number of technological paradigms that can be developed, each in a different niche. 
Thee scope for niche creation is in turn dependent on the degree of inter-technological 
competition.. When the scope for niche creation is not constrained by the presence of 
otherr technologies, i.e., when inter-technological competition is absent, product variety is 
expectedd to grow through a branching process of differentiation of technological 
paradigmss in different market segments. When the scope for niche creation is constrained 
byy the presence of other technologies, i.e., when inter-technological competition is 
presentt absent, product variety is not expected to grow and a single dominant design is 
expectedd to occur. 

4.. (Chapter 6) Two additional conditions can be specified that limit long-term product 
varietyy to increase. First, the rate in cost reduction affects the scope for horizontal product 
differentiation.. The higher the rate in cost reduction, the larger the threat for varieties in 
thee low-price segment to become replaced by varieties that previously were highly priced, 
butt become quickly available at a lower price. Second, the degree of increasing returns 
arisingg from standardisation limits product variety to grow. Increasing returns render the 
userr value of a design positively dependent on the number of other users of this design 
andd the producer costs of a design negatively dependent on the number of other producers 
off  this design. These two additional factors explain the fall in product variety of 
microcomputerss analysed in this study, and the same factors are expected to operate in 
marketss for other network products (mobile telephony, stereo components, VCR's). 

5.. (Chapter 6 and Chapter 7) Different dynamics in technological development can be 
indicatedd at different levels of aggregation. At the level of an industry, product variety 
cann increase due to speciation into different technological paradigms, while at the levels 
off  a single market segment, a single technological paradigm tends to remain dominant. 
Empiricall  analyses of technological development and industrial dynamics should account 
forr the existence or non-existence of different market segments reflecting user groups 
withh different preferences and / or incomes. 

6.. (Chapter 7) Pre-paradigmatic stages of technological development can be indicated by a 
loww degree of scaling in successive product designs, and paradigmatic stages of 
technologicall  development can be indicated by a high degree of scaling in successive 
productt designs. Individual designs can then be characterised in a matrix mapping the 
degreee of scaling with preceding designs on one axis ("convergence") and the degree of 
scalingg with succeeding design on the other axis ("diffusion"). Designs that can be 
consideredd as a scaled version of preceding designs are not necessarily designs that set the 
standardd for scaling in succeeding designs and vice versa. A dominant design can then be 
consideredd as a design that is both a scaled version of preceding designs and a design that 
setss the stage for scaling in succeeding designs. 

7.. (Chapter 7) Since a dominant design indicates both a convergence in scaling patterns of 
precedingg designs and a diffusion of a scaling pattern throughout the product population 
inn an industry, the relevant level of analysis changes during the course of a product life-
cycle.. Before a dominant design emerges, product development follows firm-specific 
scalingg trajectories. After a dominant design emerges, product development follows a 
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collectivee scaling trajectory as network externalities become strong. The formulation of 
strategyy should consequently be informed by the relevant level of analysis. 

8.. (Chapter 8) From the analysis of the world aircraft industry, it has been found that 
countriess successfully introduced new technologies by means of focusing applications to 
aa specific niche. Other countries, in particular "newly industrialising countries" typically 
enterr by means of applying mature technologies to a niche. Both results suggest that 
governmentt policy should complement the development of a specific knowledge base and 
thee management of particular niches. 

9.. (Chapter 8) The analysis of countries' specialisation patterns puts a nuance to Vernon's 
(1966)) international product life-cycle model. In the history of aircraft industry, 
developingg countries entered indeed through the development of aircraft models based on 
oldd technology as predicted by Vernon. However, some developed countries continued to 
developp new aircraft models using standardised mature technology, in particular, when 
demandd for this technology is primarily national. 

10.. (Chapter 8) The development of a new product can be organised at the national level, but 
alsoo at the transnational level (e.g., Airbus). It has been suggested that transnational 
networkss can be considered as a level at which countries that are "locked in" into a 
particularr technology and market, can experiment with other technologies or markets. 
Transnationall  networks can be considered a new model for technology transfer compared 
too earlier technology transfer practices, such as licensing. Earlier practices concerned the 
transfertransfer of knowledge concerning the production of an existing design, and can thus be 
consideredd as a first-order model of knowledge transfer. In transnational networks a new 
designn is co-developed by all participants, which allows for the exchange of competencies 
inn the development of a new design. This model of transfer can be termed second-order 
knowledgee transfer. 

9.44 FURTHER RESEARCH QUESTIONS I: APPLICATIONS OF THE GENERALISED NK-MODE L 

II  now turn to the discussion of further applications of the generalised NK-model of complex 
systemss as developed in the foregoing chapters. Before discussing further applications, it 
mustt be stressed that product technology, which has been taken as the system of reference 
throughoutt this study, is one out of several systems of reference that can be modelled using 
thee (generalised) NK-model. The formal nature of the (generalised) NK-model allows one to 
addresss different research questions related to different systems of reference. Indeed, other 
scholarss recently applied the NK-model in domains other than in the domain of product 
technology.. The other systems of reference concern process technologies as in the models of 
Auerswaldd et al. (2000) and Kauffman et al. (2000), and organisations as in the models of 
Levinthall  (1997), Gavetti and Levinthal (2000), Ghemawat and Levinthal (2000), Marengo et 
al.al. (2000) and Dosi et al. (2001). A selection of these models is discussed shortly below. 
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Auerswaldd et al. (2000) and Kauffman et al. (2000) have applied the NK-model in 
modelss of process innovation.1 9 Different process technologies are described as strings of 
alleless of N "operations" that are epistatically linked to K other operations. Each possible 
stringg is considered as one possible process technology or "recipe" to produce a given 
homogeneouss output. Search in "recipe space" through hill-climbing leads a firm to a locally 
optimall  fitness peak with fitness defined as labour-costs per unit output. Thus, these studies 
followw neoclassical theory in defining fitness of a process technology as the efficiency at 
whichh a given homogeneous output is produced. An important result of the model of 
Auerswaldd et al. (2000) has been that the successive fitness levels attained by hill-climbing 
firmss reproduces the logistic learning curve (Arrow 1962a). 

Levinthall  (1997), Gavetti and Levinthal (2000), Ghemawat and Levinthal (2000), 
Marengoo et al. (2000) and Dosi et al (2001) have used the NK-model in models of evolving 
organisations.. An organisation is modelled as a set of alleles of N business policies that are 
epistaticallyy related. For example, business policies include choices regarding the internal 
organisation,, regarding product marketing, regarding delivery, regarding service, et cetera.130 

Ass in the original NK-model by Kauffinan (1993), evolution takes place as hill-climbing on a 
fitnesss landscape by means of local trial-and-error. This representation of organisations that 
evolvee through trial-and-error captures the local nature of organisational adaptation.131 

Competitionn between different organisations is represented by selection between different 
organisationss according to the fitness level they attain.132 

II  wil l not go further into the specifics of the models of evolving process technologies 
andd evolving organisations because the discussion in this study is concentrated on modelling 
productt innovation in complex technological systems. However, it is important to recognise 
thatt the (generalised) NK-model can be applied to various contexts. In principle, one can 
describee any system as an NK-system when the elements can take on discrete states, when the 
functioningg of elements is epistatically related, and when the functioning of elements can be 
expressedd by fitness, i.e., when systems are selected according to a fitness function. Whether 
thee application of the (generalised) NK-model in a particular context produces new insights 
inn the nature of the phenomenon in question, is specific to each application and, in my view, 
shouldd be discussed in the context of the particular application. In the following, I restrict the 
discussionn of further research questions related to the application of the NK-model to 
applicationss that take product technology as the system of reference. 

9.4.11 A full-fledged NK-model of the product life-cycle 

Thee first line of research in which the (generalised) NK-model can be further applied is in 
modelss of the dominant design thesis and the product life-cycle. The application of the 
generalisedd NK-model as a product life-cycle model, as I have done in Chapter 4, can be 
consideredd as a baseline model for further models. In this baseline model, I have tried to 
showw how one can understand the interplay between process innovation and product 

Seee also the discussion in Section 3.1 of this study. 
Ghemawatt and Levinthal (2000: 35) provide examples of policy dimensions of airlines following Porter's 

(1996)) strategy analysis of Southwest Airlines. Examples of policy dimensions that are distinguished, are high 
orr low aircraft utilisation, high or low frequency of departures, high or low prices, short or long distance et 
cetera. cetera. 
1311 Following the theory of local adaptation of organisations by Cyart and March (1963). 

Followingg the "ecological approach" of evolving organisational structures by Hannan and Freeman (1989). 
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innovationn in complex product technologies. In particular, I have pointed to the different 
effectss of economies of scale and of economies of scope on the degree and nature of product 
variety.. From the baseline model of the generalised NK fitness landscapes, full-fledged 
simulationn models can be developed about the product life-cycle and complex product 
technologies.. To this end, the basic model structure of search on fitness landscapes could be 
supplementedd by (i) functions of production cost and search cost,133 (ii)  a pricing 
mechanism,11 4 and (Hi) a mechanism by which firms compete for profit and market shares.1 

Thesee three mechanisms have been shown to suffice to model an industry in which firms 
competee for market shares by means of technological innovation (Nelson and Winter 1982; 
Andersenn 1994). 

Givenn the many parameters in such a model, systematic simulation exercises are 
requiredd to fmd out what parameter causes particular kinds of technological evolution and 
industryy dynamics. In this respect, as stressed by Auerswald et al. (2000), Ghemawat and 
Levinthall  (2000), Kauffman et al. (2000), and Marengo et al. (2000) one should start from a 
referencee model that incorporates a minimum of specific assumptions. Using an initial 
setting,, the effects of changes in parameters can then be assessed with reference to the model 
behaviourr under "standard" parameter settings. The next step is thus to think of initial 
parameterr settings. A reference model could follow the simplest of the canonical NK-model 
inn which product complexity is absent (K=0), users are homogeneous in their preferences 
(G=l),(G=l),  and the number of elements are equal to the number of functions (N=F). 

Usingg the three mechanisms and the standard parameter settings as specified above, 
additionall  features can be added to represent the basic tenet of the product life-cycle model. 
Att first instance, one can assume that economies of scale increase exogenous over time to 
reflectt process innovation and reproduce the tendency towards product standardisation. 
Startingg from this reference model, one can introduce systematic changes in a parameter 
valuee for N, K, F, and G to see to what extent the product life-cycle dynamics are robust. For 
example,, for very complex technology (high K) and many user groups (high G), 
standardisationn is less likely to occur. 

Productionn costs can be specified as a function of the costs of the alleles incorporated in the design. 
Reductionss in production costs resulting from process innovation raising economies of scale and economies of 
scopee can then be modelled as occurring in an exogenous way. Search costs can be specified as a function of the 
searchh distance, i.e., of the number  of elements that are mutated at the time. For  example, one can assume that 
searchh costs increase linearly with the number  of elements mutated (Kauffman et al. 2000). 

Fromm cost functions of each product in the design space, a price for  each product in design space can be 
derivedd from a pricing mechanism. In evolutionary models, pricing is generally represented by a rule-of-thumb, 
forr  example, by assuming that firm s determine sales price by a mark-up over  total average costs (Nelson and 
Winterr  1982). The selection environment can then be specified in terms of users that select between product 
designn on the basis of their  value-for-money, i.e., fitness divided by price. 
1355 A mechanism by which firm s compete for  profi t and market share can be specified following Nelson and 
Winterr  (1982). One can assume that part of a firm' s profit s is used to increase the production of product design 
thatt  is currently offered. The rate of increase in a firm's  market share is then made dependent upon the size of 
profits,, which wil l ensure that designs with higher  fitness wil l diffuse in the market. Moreover, one can assume 
thatt  another  part of profit s is used to perform R&D. R&D in this model concerns hill-climbin g activity in search 
forr  product designs with higher  fitness. In this way, new product designs are found that are subsequently 
introducedd in the market. Note that this specification does not mean that users can select their  preferred product 
designn at all times. Even if all users have the same preference function as expressed by the weight of different 
servicee characteristics, and consequently all prefer  the same design, the limited capacity of the supplying fir m 
forcess some users to adopt a second-best design. However, since the most successful fir m is able to expand its 
capacityy at the highest rate, the most preferred design wil l progressively become available to more users. This 
diffusionn process continues until a fir m finds an even better  design through hill-climbin g that subsequently 
diffusess throughout the market et cetera, et cetera. 
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Furthermore,, one can introduce economies of scope in production in the model. 
Followingg the discussion in Chapter 4 of this study, economies of scope can be made 
dependentt on the number of alleles the different product designs of a firm share. The larger 
thee number of alleles product designs share, the larger the economies of scope that can be 
realisedd in production by a firm. 

Thesee suggestions are only few of many possible ways in which one can use the NK-
modell  to simulate competing firms by means of technological development. In fact, there is 
ann immense "possibility space" of simulation models based on the NK-model. As a 
consequencee of this vast possibility space, one should limit the number of model 
specifications,, in particular, by basing oneself on appreciative theorising. In my opinion, the 
developmentt of a reference model is crucial before proceeding with the development of more 
complexx simulation models. One can only understand the meaning of specific assumptions in 
complexx simulation models in the light of a reference model (cf. Andersen 1994). 

9.4.22 Architectura l and incremental innovation 

AA second avenue in NK-modelling is to elaborate on the different types of innovation -
modular,, incremental, architectural, and radical innovation - as distinguished by Henderson 
andd Clark (1990). In Section 3.3, I have shown how the four types of innovation can be 
representedd in the generalised NK-model of complex technological systems. In this 
classificationn (see figure 9-1) a modular innovation corresponds to a mutation in one or more 
alleless of elements without a change in epistatic relations between elements, while an 
architecturall  innovation corresponds to a change in epistatic relations between elements 
withoutt a mutation in alleles of elements. An improvement in functions that occurs without 
modularr and without architectural innovation is called "incremental innovation". And, the co-
occurrencee of both modular and architectural innovation is called radical innovation. 

Concerningg incremental innovation, it has been concluded that incremental innovation 
iss expected to take place in alleles of high-pleiotropy core elements rather than in low-
pleiotropyy peripheral elements for two reasons. First, alleles of core elements are expected to 
bee used in multiple product designs offered by a multi-product firm. Therefore, 
improvementss made within alleles of core elements can contribute to many different designs. 
Second,, alleles of core elements are not expected to be mutated in the short-run as the 
probabilityy of successful mutation in high-plieotropy elements is low. For this reason, R&D 
investmentss in incremental innovations in core alleles are expected to pay-off more often. 
Thee conclusion that the majority of incremental innovations is expected to take place in core 
alleles,, is consonant with empirical examples. In several technologies, incremental 
improvementss have concentrated in elements that are generally considered high plieotropy 
corecore elements, for example, improvements in speed of piston propeller engines in aircraft 
(Constantt 1980), improvements in energy-efficiency of gasoline engines in automobiles 
(Clarkk 1985), and improvements in the computing speed of processing devices in computers 
(Sahall  1985). 

Ann interesting simulation exercise is to use the generalised NK-model to see whether 
thiss conclusion can be verified. A simulation model can be based on the generalised NK-
modell  as developed in this study. In this model, firms can be modelled as being engaged in 
bothh modular and incremental innovation. One can specify one type of firms that does not 
directt incremental innovation to one type of elements and modular innovation to another type 
off  elements, and another type of firms that direct incremental innovation to core elements and 
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modularr innovation to peripheral elements. Then, one expects the more successful firms in 
termss of fitness to be the firms that concentrate incremental innovations to core elements and 
modularr innovations to peripheral elements. 

AA second research question relates to the interplay between modular and architectural 
innovation.. As explained above, the co-occurrence of architectural and modular innovation 
hass been called a radical innovation. As argued by Henderson and Clark (1990), the co-
occurrencee of architectural and modular innovation should not be understood as accidental. 
Thee need to change some elements by modular innovation arises from the new epistatic 
relationss imposed by an architectural innovation {cf. Sahal 1985). An example of this 
interplayy is the development the portable computer in which many of the existing alleles of 
elementss used in a different architecture compared to the older desktops (architectural 
innovation),, and in which also a number of new alleles of elements are incorporated (modular 
innovation).. The constraints imposed by the architecture of a portable computer led to the 
developmentt of flat screens as a substitute for monitor and the development of new mouse 
types. . 

InIn a simulation model based on the generalised NFC-model, one can simulate firms 
thatt are engaged in both modular and architectural innovation. One can specify one type of 
firmsfirms that sequentially introduces architectural innovations and modular innovations, and 
anotherr type of firms that introduces jointly architectural innovations and modular 
innovations.. Then, one expects the more successful firms in terms of fitness to be the firms 
thatt jointly introduce modular and architectural innovation compared to firms that introduce 
modularr and architectural innovation sequentially. 

Inn summary, the generalised model of product innovation in complex technological 
systemss as developed in this study provides a formal way to address the different types of 
innovationss within one comprehensive model. In this way, one can specify search strategies 
thatt involve different types of innovation and analyse the interplay between the different 
typess of innovations. In first instance, such simulation exercises could attempt to reproduce 
thee stylised facts of empirical studies using a minimum of assumptions. In the longer run, 
simulationn models may also help to formulate normative propositions regarding the expected 
successs of different innovation strategies in different organisational environments. 

9.4.33 Search heuristics 

AA third line of research based on the generalised NK-model as developed in this study 
concernss search heuristics. Heuristic search has been defined as any search algorithm that 
differss from exhaustive search. For example, as discussed in Chapter 2 of this study, the 
decompositionn of a system in subsystems is a very powerful way to reduce the size of the 
designn space whether the landscape is itself decomposable or not (Frenken et al. 1999; 
Marengoo et al 2000). Another heuristic is function space as discussed in Chapter 3 of this 
study.. Function space search restricts mutations to take place only in elements that are 
epistaticallyy related to a pre-selected function of the system, and the sequence of functions 
followss the importance that is assigned to them by users. It is important to recognise that the 
heuristicc search strategies that have been discussed in this study are part of a larger set of 
heuristicc strategies that agents can apply. Future research in simulation using the generalised 
NK-modell  can be devoted to enhancing the power of different heuristics in different settings. 

Usingg the original NK-model, Gavetti and Levinthal (2000) modelled another type of 
heuristicc that agents can apply in hill-climbing a NK fitness landscape. The agents that try to 
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optimisee a complex system by means of hill-climbing use a heuristic that specifies a subset of 
thee N elements of the system. Mutations are allowed only in this subset of elements. In other 
words,, it is assumed that agents do not take into account all elements of a system, but restrict 
mutationn to take place in a subset of elements. This specification of search is consonant with 
thee concept of "bounded rationality" that holds that designers are cognitively restricted in the 
numberr of dimensions that they can take into account in the development of a new design 
(Simonn 1969; Allen 1994). Instead, designers apply "mental maps" that frame the high-
dimensionall  system as a system with a lower number of dimensions. The mental map consists 
off  the subset of elements in which mutation can take place. 

Thee model by Gavetti and Levinthal (2000) primarily refers to organisations that try 
too find a successful overall business policy that consists of N policies. Given their limited 
cognitivee capacity, firms use "mental maps" to reduce the complexity of N policies to a 
subsett of policies. Following the discussion on technological paradigms in Chapter 4 of this 
study,, the concept of mental maps is close to the concept of technological paradigm. By 
definingg what elements are to be left untouched and what elements are promising for 
mutation,, a technological paradigm functions as a mental map that reduces the design space 
off  a technological system. Given the enormous size of the design space, a mental map 
reducess this space to manageable proportions (Allen 1994: 9; Metcalfe 1994: 935; Marengo 
etet al. 2000: 784). 

Organisationss can be expected to be aware of the their use of mental maps. The 
questionn becomes how organisations decide which mental map to use. By posing this 
question,, organisations encounter a new complexity problem, since so many possible mental 
mapss exist. One can think of a possibility space of possible mental maps. Since each element 
iss either part of the mental map or not, the possibility space of mental maps adds up to 2N. 

Thee question then becomes what type of rules agents can use to decide when to switch 
mentall  maps and in what way, and to compare the evolutionary success of different decision 
rules.. Gavetti and Levinthal (2000) formulated three models in which agents search a given 
NKK fitness landscape using mental maps. The three models differ in the way agents switch 
theirr mental map. The authors first formulated a baseline model in which each agent is given 
randomlyy a mental map, which is not allowed to change. In the second model, agents are 
againn given randomly a mental map, but they occasionally change this map. In this model, the 
probabilityy of switching mental maps is equal for all agents and that the choice of a new 
mentall  map in the possibility space of mental maps is modelled as random. The third model 
differss from the second model in that the probability of switching mental maps is inversely 
dependentt on the fitness an agent has achieved. This assumption reflects the idea that the 
worsee agents perform relative to the population of agents, the higher their willingness to 
experimentt with a new mental map. In the third model, it is further assumed that agents do 
nott choose a new mental map at random, but by means of copying the mental map of a firm 
thatt is successful in terms of fitness. This imitation strategy can be considered a "smart" 
strategyy as agents relate the success of other agents to their mental map. 

Thee simulation results presented by Gavetti and Levinthal (2000) show that agents the 
averagee fitness of agents in the first model is lowest and stabilises quickly once they find a 
locall  optimum. The average fitness of agents in the second model is higher than the average 
fitnesss of agents in the first model as agents in the second model are allowed to change their 
mentall  maps occasionally. The possibility to change the mental map allows agents to escape 
stringss that were considered local optima under the previous mental map. The average fitness 
off  agents in the third model is in turn higher than the average fitness of agents in the second 
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model,, which shows that the use of the more "intelligent" rules to change mental maps 
improvess the fitness of strings found in an NK fitness landscape.136 

Yett another example of a search heuristic, which is related to the former one but 
whichh has not been explored so far, is the application of a mental map regarding the matrix of 
epistaticc relations between elements and functions. This mental map does not refer to a subset 
off  the elements that are candidate for mutation as in Gavetti and Levinthal (2000), but 
concernss a subset of epistatic relations between elements and functions that are candidate for 
architecturall  innovation. This mental map of epistatic relations reflects the idea that designers 
havee some knowledge of where the epistatic relations in a complex system are located, but 
lackk complete knowledge of the whole matrix of epistatic relations (cf. Alexander 1964; 
Constantt 1980). The possibility space of mental maps of epistatic relations is even vaster than 
thee possibility space of mental maps of elements, since the number of possible epistatic 
relationss is an exponential function of the number of elements and the number of functions.137 

Again,, the question becomes how designers decide when to change their mental maps and in 
whatt direction. 

AA simulation model of evolving mental maps of epistatic relations can draw on the 
assumptionss used in the three models of Gavetti and Levinthal (2000) regarding the evolution 
off  mental maps of elements in a system as discussed above.138 In the first model, each agent 
iss given randomly a mental map, which is not allowed to change. In the second model, each 
agentt is given randomly a mental map, which is changed occasionally. The probability of 
switchingg mental maps is equal for all agents and that the choice of a new mental map is 
madee randomly. The third model differs from the second model in that the probability of 
switchingg mental maps is inversely dependent on the fitness an agent has achieved, and in the 
choicee of a new mental map agents imitate the most successful firms. When comparing the 
performancee of agents applying one of the three rules, one expects again that the latter is 
mostt successful as agents can draw upon the knowledge of more successful agents by means 
off  imitating "best practices". Another interesting research question holds from what type of 
learningg an agent profits most. Under what conditions does it prove better to improve the 
mentall  model of the relevant elements in design space as in the first model set-up and under 
whatt conditions does it prove better to improve the mental model of the architecture of 
epistaticc relations as in the second model set-up? 

Followingg the model by Gavetti and Levinthal (2000), one can introduce other types of meta-heuristics 
regardingg the way in which agents change their mental maps. For example, one can assume that designers 
changee their mental map by local search in the possibility space of mental maps by means of only substituting 
onee dimension at the time. This assumption reflects the idea that search for mental maps is local in the same 
wayy as search for technological design is local. 
1377 The number of possible mental maps of epistatic relations is derived as follows. A mental map specifies for 
alll  N elements the absence or presence of epistatic relations with at most F functions. Each function is 
epistaticallyy related to at least one element in the system and at most all N elements in the system. The number 
off  possible epistatic relations in a system thus adds up to F times (N-I), A mental map of epistatic relations 
specifiess for each possible epistatic relation whether it is either present or absent. Thus, the number of possible 
mentall  maps adds up of 2F<N"1) possible mental maps of epistatic relations. 

Thee interest of modelling designers with mental maps of the architecture of epistatic relations is also clear 
fromm the simulation exercise in Section 2.3. In this simulation different search strategies in hill-climbing a 
fitnesss landscape of a non-decomposable, but nearly-decomposable system. The different search strategies 
reflectt different mental maps of the same complex system. A strategy that mutates up to N elements at the time 
reflectss a mental map of a non-decomposable system, while strategies that mutate less than N elements at the 
timee reflect mental maps of decomposable systems. As it has been concluded from the simulation results, some 
off  the latter strategies are more successful than the former strategy though these strategies do not corresponds 
withh the actual non-decomposable architecture of the system. 
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9.4.44 Inter-fir m collaboration in networks 

Anotherr line of research in NK-modelling relates to the coordination of search activity when 
severall  parties work on different elements of a complex system in parallel. In this context, 
onee can think of a spectrum of degrees of coordination in innovative activity. At the one end 
off  the spectrum coordination is fully decentralised and at the other end of the spectrum 
coordinationn is fully centralised. The latter case of fully centralised control over the choice of 
allelee for each element corresponds with the perspective taken in this study and in the 
majorityy of NK-models (Levinthal 1997; Auerswald et al. 2000; Gavetti and Levinthal 2000; 
Ghemawatt and Levinthal 2000; Kauffman et al. 2000). In these models, there is a single 
designerr that decides for all elements whether these are mutated or not, and evaluates each 
mutationn on the basis of its effect on the fitness W of the system as a whole. In the former 
casee of fully decentralised search, there are N agents within a firm or N firms within a group 
off  firms, who decides to mutate its one element n or not. In thiss case, a mutation is evaluated 
onlyy with respect to the fitness w„  of a single element n (Kauffman and Macready 1995; 
Marengoo et al. 2000; Dosi et al. 2001; Frenken 2001b).139 Decentralisation thus implies 
"anarchy""  in that each agent within a firm or each firm within a group of firms is autonomous 
inn deciding whether to mutate its own element without having any control of other 
elements. . 

Too explain the difference between centralised and decentralised search in the NK-
model,, consider the example of a fitness landscape of N=3 and K=2 in figure 9-2.HI When 
searchh is centralised and takes place by means of local hill-climbing, there are to optima: 
stringss 010 and 100. For these strings, it holds that any mutation in one element would lower 
thee total fitness of the system as a whole W. By contrast, when search is decentralised there is 
onlyy one optimum: string 010. Only for this string it holds that any mutation in one element 
wouldd lower the fitness value of the individual elements w„.  Consequently, once the three 
firmfirm have found string 010, no single firm has an incentive to mutate its own element.142 

However,, 100 would be optimal from the user's point of view, as the average fitness W of all 
elementss is highest for this design. However, though optimal for users, design 100 wil l not be 
acceptedd by the firm controlling the second element, since this firm can improve its 
individuall  fitness by mutating from 0 to 1 moving from design 100 (w2 = 0.5) to design 110 
(w22 = 0.9). 

Ass shown in simulations by Kauffman and Macready (1995), decentralised control 
generallyy cannot optimise a complex system. In many cases, the strings corresponding to 
optimaa when search would be centralised, do not correspond to optima when search is 
decentralised.. The reason that fewer optima exist for fully decentralised search compared to 
fullyy centralised search is that for strings corresponding to optima in centralised search, there 

Onee can also interpret this model of decentralised search by different unit in a multi-unit organisation (cf. 
Changg and Harrington 2000). 

Conferr the model in Chapter 8 of interrelated competencies of producers, users and governments. 
1411 This simulation is the same as the simulation in figure 2-3-2 in Chapter 2. 
1422 This equilibrium is generally called a Nash-equilibrium To verify whether design 010 is indeed a Nash-
equilibrium,, one can look at the payoffs for each firm and check whether each firm cannot improve its payoff by 
mutation.. Payoffs are W] (010) = 0.7 for the firm responsible for the first element (FIRM1), w2(010) = 0.8 for 
thee firm responsible for the second element (FIRM2), and w3 (010) = 0.6 for the firm responsible for the third 
elementt (FIRM3). A mutation by FIRM 1 would lead to design 110 and payoff w, (110) = 0.5, a mutation by 
FIRMM 2 would lead to design 000 and payoff w2 (000) = 0.1, and a mutation by FIRM 3 would lead to design 
0111 andpayoffw3(011) = 0.5. 
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iss generally at least one firm that can improve its own fitness by mutation of its element. And, 
sincee fewer optima exist for fully decentralised search, it generally takes more mutations to 
findfind this optimum than in the case of centralised search. Another result found by Kauffman 
andd Macready (1995) holds that, although there are fewer optima in decentralised search, the 
averagee fitness of these optima are higher than the optima found by centralised search. This 
resultt is understandable since optima in decentralised search have to meet the hard criterion 
thatt all N firms cannot improve their fitness by means of mutation of their element. 

Kauffmann and Macready (1995) argued that both fully centralised and fully 
decentralisedd search suffer from serious deficiencies in optimising complex systems by 
meanss of local hill-climbing. Under fully centralised search, a firm generally ends up in poor 
locall  optima as many strings correspond to locally optimal solutions with low fitness. Under 
decentralisedd search, the collective search behaviour by firms generally leads to better 
optima,, but the search process generally takes much longer compared to centralised search. 
Moreover,, decentralised search runs the risk of finding no optimum at all when it holds for all 
stringss that at least one firm can improve by mutation. The main research question to be 
addressedd thus holds whether alternative forms of coordination can be specified that can 
overcomee the problems of decentralised control while avoiding the high search costs of 
exhaustivee search under centralised control. 

Kauffmann and Macready (1995) studied a form of coordination that is intermediate 
betweenn fully centralised and fully decentralised coordination. This intermediate form of 
coordinationn refers to the case in which there are several firms, each of which has exclusive 
controll  over P elements for 1 < P < N.]4i With regards to its block of P elements, a firm can 
mutatee individual elements.144 Each mutation of one element is evaluated on the effect on all P 
elementss controlled by a firm thus ignoring the effects a mutation might have on the other 
elementss controlled by 
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Figuree 9-2: a simulation of fitness landscape of system with N=3 and K=2 

1433 When P = 2 there is a maximum of N/2 firms all controlling two elements, and when P = 'AN there is a 
minimumm of two firms both controlling half of all elements. P=l corresponds to fully decentralised coordination 
off  innovation with N firms and P=N corresponds to fully centralised coordination with one firm. 
1444 Mutations in more than one element at the time are not allowed in this model. 
1455 Note that the patch model is formally equivalent to Kauffman's (1993) NKC-mode\. 
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Thee partitioning of elements over firms is called "patching" and each block of elements 
thatt is controlled by a single firm is called a '*patch'\ By means of tuning the K parameter, 
Kauffmann and Macready (1995) found that patching leads to better optima compared to 
centralisedd search when K is exceeding a critical value. From this simulation exercise, they 
concludedd that when complexity exceeds a particular threshold, patching produces better results 
inn terms of fitness than centralised search. Furthermore, these authors found that the optimal 
patchpatch size is only a fraction of the size N of the system. This result indicates that a major 
reductionn in search time and search costs can be achieved by patching since the optimal patch 
sizee is considerably smaller than the size of the system. 

Anotherr form of coordination between firms, which has not yet been addressed in 
NK-models,, takes the form of inter-firm networks.147 In this view, each firm controls only 
onee element, but patches of several elements reflect collaborations between firms. When P 
firmsfirms decide to form a network of size P, this implies that a mutation by one firm is accepted 
orr rejected depending on its effect on the fitness values of all participants in the network. For 
example,, one can assume that a mutation by one firm in the network is accepted only if no 
participantt in the network is worse off (win-win-win).148 Alternatively, a less stringent 
conditionn holds that a mutation by one firm in the network is accepted if the average fitness 
off  all participants increase (assuming compensation among participants). Using different 
ruless of acceptance of an innovation of a firm in a network of firms, one can start analysing 
thee performance of different network rules for different parameter settings N, K, and P in 
termss of individually and collectively attained fitness values.149 

Apartt from analysing the performance of different network rules given a network of 
particularr size and particular composition of firms, one can use the model also to simulate the 
formationformation of a network. The research question becomes what type of rules can guide the 
decisionn of a firm to enter or exit a network and how do these rules perform in terms of 
individuallyy and collectively attained fitness. 

Forr example, one can specify a rule that two firms are allowed to join a network only 
iff  the two firms control elements that is epistatically related. This rule follows the NK logic 
thatt coordination is necessary only when elements are epistatically related. When elements 
aree not epistatically related, a change in an elements does not affect the fitness value of 
anotherr elements and a rationale for network collaboration is absent (agents following a 
"deductivee logic").150 Alternatively, one can assume that firms do not know among which 
elementss epistatic relations are present. In this case, one can specify that firms choose 
partnerss randomly and change partners occasionally according to some evaluation rule 
(agentss following an "inductive logic"). 

Kauffmann and Macready (1995) restricted their analysis of patches to NK-systems in which the architecture 
off  epistatic links is determined randomly under the restriction that each element is affected by a K number of 
otherr elements. It is a small step to think of powerful patches for specific architectures. In particular, following 
thee discussion of decomposability and nearly-decomposability in Section 2.3 of this study, patches are powerful 
inn finding solutions with high fitness, when the patches of elements correspond to decomposable or nearly-
decomposablee subsystems. 

Notee that this network model is different from but analogous to the network model in Chapter 8 that does not 
referr to collaborating firms but to collaboration between producers, users, and governments. 

AA model exercise based on mese assumptions is presented in Frenken (2001b). 
Furthermore,, one can vary as an additional parameter the number of participants that is allowed to mutate its 

elementss at the same time from 1 to P. 
Thiss rule for network formation is in line with authors who argue that one of the main reasons for firms to 

collaboratee in networks is to exploit complementarities between their activities (Teece 1986; Nooteboom 1999). 
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9.4.55 Technical standards as coordination devices 

Inter-firmm collaboration in innovation in complex technological systems is not restricted to 
networkss as discussed in the previous section. Collaboration can also be achieved by adopting 
aa common standard, which renders the different elements in a system a priori  compatible 
(Davidd and Greenstein 1990; Valente 2000). A technical standard mediates the interaction 
effectss between different elements by specification of some of the properties elements have to 
meett to be candidate elements in a system, such as geometric forms, power voltage, computer 
language,, et cetera. Thus, a standard can be considered as an element in a system that does 
nott serve a particular function as such, but serves as an interface device between other 
elementss in a system. In this view, a standard is an element that stands "in between" other 
elementss to ensure compatibility. 

However,, the representation of a technical standard in the original NK-model as an 
elementt in a complex system is problematic. As explained in Chapter 3 of this study, the 
originall  NK-model assumes that each element n is characterised by an own sub-function and 
thatt the extent to which this sub-function is realised can be expressed by a value of an 
element'ss fitness contribution w„.  When a technical standard is represented as an element in 
ann NK-system, it is said to serve a particular function, whereas its sole "function" is to assure 
compatibilityy between different elements in a system. The generalised NK-model developed 
inn this study can describe systems with any number of elements and any number of functions, 
andd thus offers a framework in which standards can be represented. A standard in this model 
iss an element that is epistatically related only to functions that are also affected by at least one 
otherr element. Standards can thus be considered as high-pleiotropy elements that affect many 
functions,, but always in conjunction with other elements. Schematically, a standard can be 
representedd as an element in an architecture in which all elements are epistatically unrelated 
exceptt with the standard as in Figuree 9-3. 

Wi i 

w2 2 
W3 3 

n=l l 

x x 
X X 

X X 

n=2 2 

X X 

--

" " 

n=3 3 

--
X X 

" " 

n=4 4 

--
--
X X 

Figuree 9-3: architecture in which epistatic relations are limited to a standard (n=l) 

Thee choice of alleles of elements is thus crucially dependent on the choice of allele of 
thee technical standard, since the functionality of each element is dependent on the joint 
effectss of the element and the standard. As a consequence, each firm has an interest to control 
thee choice of the standard as to maximise the complementarities between the element this 
firmm designs and the technical standard that renders this element compatible with other 
elementss designed by other firms. 
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Usingg this model set-up, one can then distinguish between two "regimes" (cf. 
Schillingg 2000). Each individual firm can introduce a complete system design for all elements 
includingg its own standard. In this case, users are forced to purchase the complete system at 
onee firm. Alternatively, firms may decide to collaborate in the development of one standard 
andd to specialise in the development of one element only. Then, users can purchase individual 
elementss at different firms mat are known to be compatible. In this case, coordination 
betweenn innovative activities of firms in different elements of a complex system is achieved 
byy the common adoption of a technical standard. 

Withoutt doubt, there can be many other possible specifications of alternative forms of 
innovationn in complex technological systems as modelled in the (generalised) NK-model. 
Thee discussion in this Section 9.4 was intended to show that the formal structure of NK-
modelss allows one to address different forms of innovation and coordination in one 
comprehensivee model. The issues that can be addressed in this framework include product 
life-cyclee dynamics of innovation, the interplay between different types of innovation, 
heuristicc search, alternative forms of coordination, and technical standards. In my opinion, 
thee many important research issues suggest a promising research avenue in understanding 
complexx technological systems and organisations within the framework of the (generalised) 
NK-model. . 

9.55 FURTHER RESEARCH QUESTIONS II : PRODUCT VARIETY AND ECONOMIC DEVELOPMEN T 

Thee empirical studies reported in Part III  of this study showed how comparative research on 
differentt technologies enhances our understanding of technological evolution and industrial 
dynamics.. The main novelty in these studies concerned the development and application of 
twoo variety measures, which indicate the degree and nature of variety and changes herein 
overr time. Using data on product characteristics, the evolution of a number of technologies 
hass been described in terms of the variety in technical characteristics space (i.e., the design 
spacee of a technology) and in service characteristics space (i.e., the function space of a 
technology).. These analyses have contributed to our understanding of determinants of 
productt variety, and have sharpened our insight in the specific conditions that lead to a 
dominantt design. 

Ann agenda for further research questions can be formulated around the central topic of 
variety,, and in particular concerning the relation between product variety and economic 
development.. These questions can be addressed empirically using the entropy methodology 
ass developed in this study and the variety measure as proposed by Weitzman (1992, 1993). In 
thee following discussion on future empirical research, I wil l distinguish between questions at 
differentt levels of aggregation. I start with discussing the relation between product variety 
andd industrial development. I continue with a discussion on product variety and economic 
developmentt at national and regional levels. Finally, I end with discussing questions 
concerningg product variety and international trade. 

1511 Stirling (1998) developed a third measure of technological variety that is closely related to the two variety 
measuress developed in this study. A somewhat different approach to measuring technological variety based on 
disaggregatedd differences in total factor productivity is elaborated by Cantner and Hanusch (1999). 
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9.5.11 Product variety and industrial development 

Futuree research on technologies other than the ones analysed in this study is needed to assess 
thee generality of the evolutionary patterns that were found. In particular, the hypothesis that 
hass been put forward holds that product variety increases in the long-run unless particular 
conditionss operate that limit product variety and lead to a dominant design. To shed more 
lightt on the generality of this model, one requires analyses of long-term product variety in 
manyy other technologies to assess under what conditions a dominant design emerges reducing 
productt variety and under what conditions several different designs proliferate contributing to 
productt variety. 

Theree are many candidate technologies that are suited for this type of analysis since 
manyy products are complex assembled systems that are selected on the basis of multiple 
fitnessfitness criteria (e.g., power plants, engines, batteries, machinery, vehicles, furniture, 
consumerr durables, consumer electronics, and software). However, as technical and service 
characteristicss are generally not available from statistical offices, empirical research of this 
kindd requires careful construction of databases covering as many dimensions and as many as 
productt models as possible. Unconventional data sources need to be explored including 
volumess of consumer magazines, encyclopaedia, and archives available in firms, consumer 
associations,, and regulatory institutions. 

Futuree empirical research should also attempt to relate patterns in product variety to 
economicc data on costs, prices, profits and market shares. For example, it has been suggested 
inn Chapter 6 that the fall in product variety in microcomputers may well be related to the 
unknownn high rate of cost reduction per unit processing power that has taken place over the 
lastt couple of decades. Only when economic data are combined with data on product variety, 
onee can assess the evolutionary model of product variety in all its facets. 

However,, although economic data are available for a large number of products, the 
dataa problem in this context is to find product technologies for which both data on product 
characteristicss are available to estimate product variety and economic data on production 
costs,, price, profits and market shares are available. The need to find both data sources 
coveringg the same product models renders it extremely difficult to combine both data sources 
inn empirical research. This data problem is also one of the reasons why economic data were 
nott used in this study. 

InIn principle, an analysis of product variety of any technology is interesting in its own 
right.right. For each technology, variety analysis provides one with a quantitative history of the 
technologicall  evolution that has taken place. However, as stressed earlier, the product life-
cyclee model and the model of product innovation in complex system developed in this study 
referr primarily to the life-cycle of mass-produced, assembled end products. Therefore, 
hypothesess regarding the rate of product and process innovation, the development of product 
variety,, and the industrial dynamics can not be transferred uncritically to studies of non-
assembledd technologies and non-consumer products. 

Itt is interesting to analyse product variety of technologies that are non-assembled and 
non-consumerr products to assess whether the evolutionary patterns as found for assembled 
consumerr products also hold for other technologies (Frenken et al. 2000: 211). For example, 
onee can distinguish between end products and intermediate products (e.g., engines, 
machinery).. Another relevant distinction between different types of technologies is between 
specialisedd products produced in small quantities and mass-products produced in large 
quantities.. It has been argued that in the latter case, product life-cycle dynamics are not 
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necessarilyy expected to occur. When a technology is produced in small quantities, firms 
benefitt less from economies of scale and increasing returns of adoption (Hobday 1998). 

9.5.22 Product variety and economic growth 

Apartt from replicating the analysis of product variety to other technologies, the variety 
measuress can also be used to address the dynamics of economic development at levels of 
aggregationn higher than the level of an individual industry. In the past decades, a number of 
scholarss have attempted to relate variety to economic growth in different ways (Pasinetti 
1983,, 1991; Romer 1990; Metcalfe 1994a; Saviotti 1996; Weitzman 1998). In this context, it 
iss important to distinguish between "process variety" and "output variety" (Saviotti 1996: 94-
95).. Process variety stands for the variety in process technologies while output variety stands 
forr the variety in consumer products and services. Theories can then be divided in "supply 
side""  theories that link process variety to economic development and "demand side" theories 
thatt link output variety to economic development. 

Schumpeter'ss (1934) notion of economic development as a combinatorial process has 
beenn an important point of departure in thinking about process variety and economic 
development.. In this view, innovations are not to be considered as transformation of new 
(scientific)) knowledge into new processes, products, and services, but as a largely 
endogenouss process of creating "new combinations" from existing technologies and pieces of 
knowledgee in new form and new context. According to Schumpeter (1934 [1997]: 68): 

"The"The carrying out of new combinations means (...) the different employment 
ofof the economic system's existing supplies of productive means. (...) 
developmentdevelopment consist primarily in employing existing resources in a different 
wayway (...)." 

Thee importance of combinatorial logic in technological development should not be taken to 
meann that "genuine" innovation by means of the introduction of new technological elements 
doess not occur. Rather, the combinatorial nature of technological innovation in complex 
systemss implies that new technological elements are generally introduced by combining them 
withh pre-existing technologies (cf. Fleming 2000; Fleming and Sorenson 2001).152 

Thee combinatorial and self-feeding nature of technological development has rarely 
beenn taken into account in economic growth models. As discussed in Chapter 1 of this study, 
traditionall  growth models are based on the production function concept in which technologies 
aree described by the amount of capital and labour that is required to produce an output. In 
thesee models, technological development is modelled as an exogenous variable without 
specificationn of the underlying mechanism of technological change. 

Thee more recent "new growth theory" or "endogenous growth theory" provides more 
refinedd accounts of technological development by modelling technological development as a 
functionn of investment in research.153 For example, in a model by Romer (1990), 
technologicall  development is made dependent on the output of the research sector, where 
outputt is measured by the number of new designs for capital goods. In this model, 

Forr example, early car development basically consisted of the introduction of engine in pre-existing carriage 
technologiess (Rosenberg 1969). 

Discussionss and reviews of these "new growth models" can be found in Verspagen (1992), Nelson (1994a), 
Romerr (1994), and Solow (1994). 

262 2 



technologicall  development is thus explicitly represented by process variety as measured by 
thee number of different designs for capital goods. However, these models do not describe the. 
developmentt process of a new technology itself, while the interest in these models has been 
preciselyy based on the wish to understand the sources of economic development (Weitzman 
1998:: 332; Nelson 1994a).1M 

Thee combinatorial nature of technological development can be taken into account by 
evolutionaryy models of technological development in line with the (generalised) NK-model 
developedd in this thesis. In evolutionary models, innovation can be considered as a mutation 
inn some elements of a technology. When the mutated elements are substituted for alleles that 
alreadyy existed in other technologies, one speaks of recombination.155 Using the basic idea of 
recombination,, Weitzman (1998) is one scholar who developed a model of economic growth, 
inn which innovations build on previously developed technologies in a combinatorial way.1 

Fromm this basic premise, it can be derived that the scope for future technological development 
iss a function of the present technological variety. 

Thee hypothesis that process variety is a determinant of economic development has 
alsoo been addressed in regional studies. In this context, the emphasis in research has not been 
onn formal models, but on empirical regularities between variety and regional development. 
Thee central hypothesis in these studies holds that firms benefit from the variety in economic 
activitiess in their local environment.157 Hanson (2000) summarised a number of empirical 
studiess that addressed the issue of variety with regard to economic growth and employment 
growthh of U.S. metropolitan areas. Generally, these studies found that the variety in industrial 
activitiess within a region is positively related to employment and growth. Note that these 
studiess use indicators of industrial variety other than the indicators developed in this study. 
Futuree regional studies on growth and employment can make use the methodologies of 
varietyy measures developed in this study. 

Thee second line of economic models concerns the "demand side" theories that relate 
outputt variety to economic growth (Pasinetti 1983,1991; Andersen 2001; Saviotti 2001). The 
mainn novelty in these theories is the attempt to encompass dynamics of demand. In 
Pasinetti'ss models (1981, 1993) an economy with a constant composition of products, 
constantt productivity growth and saturation of demand in existing products (Engel's Law), 
wouldd generate under-utilisation of resources including unemployment. Technological 
developmentt in the form of process innovation that leads to productivity growth, is partly 
responsiblee for this imbalance, but technological development in the form of product 
innovationn can compensate for this imbalance. Product innovation creates new goods and 
services,, and therefore new sectors, which can 're-employ' the resources made redundant by 
thee imbalance arising in the pre-existing sectors.158 

Inn Pasinetti's view, the growth in the variety of product and services in an economy, 
iss a prerequisite for sustained economic growth and full employment in the long-run (see 

Onee can argue that the combinatorial self-feeding nature of technological development is taken into account 
byy increasing returns models in which previous success breeds success. However, models of increasing returns 
doo not explicitly model innovations as arising from recombinations of existing technologies. 
1555 Analogous to sexual reproduction in biological evolution that recombines parts of the genes of parents 
(Birchenhalll  1995). 
1566 Other  models include Birchenhall (1995), Windru m and Birchenhall (1998), and Cooper  (2000), which are 
basedd on a genetic algorithm that creates new varieties by recombination of parts of strings of existing varieties. 
1577 In the context of city development, the hypothesis that variety in economic activities contributes to city 
growthh and development can already be found in Jacobs (1961). 

588 This theory would clearly relate the rise in growth rates and employment in the OECD countries during the 
latee nineties to the creation of many new products and services in information and communication technology. 
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also,, Andersen 2001 and Saviotti 2001). Therefore, one expects economic growth and 
employmentt to be positively correlated with product variety at the supra-sectoral level. At the 
sectorall  level, product variety may decline when resources from one sector are used for the 
creationn of new products in other sectors or for the creation of a new sector. Therefore, the 
hypothesiss of growing variety at the supra-sectoral level is compatible with a fall in output 
varietyy in particular sectors as the product life-cycle predicts (Frenken et al. 2000: 213-214). 
Similarly,, the fall in product variety in one region of a country may free resources for the 
creationn of new outputs in other regions of the country. The possibility of different dynamics 
att different levels of aggregation implies that conclusions that can be drawn for one level of 
aggregationn cannot be extrapolated for other levels of aggregation. 

Thee methodology of entropy statistics developed in this study and the variety 
measuree developed by Weitzman (1992) provide one with empirical tools to address 
questionss related to variety and economic development. Regarding the theories that relate 
economicc growth to process variety, one can start from a baseline econometric specification 
thatt explains changes in growth by changes in process variety, both at regional and national 
levels.. Regarding the theories that relate economic growth and employment growth to output 
variety,, a first specification is to explain changes in growth by changes in output variety as 
welll  as to explain changes in employment by changes in output variety. 

Furtherr specification of empirical relationships may require more sophisticated data, 
forr example regarding the nature of process variety, i.e. to what extent these process 
technologiess can effectively be recombined. For example, measures of inter-sectoral 
technologyy spillovers can indicate the "technological distance" between sectors (e.g., 
Verspagenn 1997). Usingg these distance measures, the probability of successful recombination 
off  technology can be estimated. Equally important for further specification of empirical 
researchh questions, though, is the further development of theoretical, multi-sectoral models 
thatt attempt to sketch the basic mechanisms in which process and output variety affect 
economicc growth and employment. 

9.5.33 Product variety and international trade 

AA last research topic that is related to product variety and economic development 
concentratess on yet a higher level of aggregation, that of international trade between 
countries.. The relationship between product variety and international trade has not yet been 
welll  studied, although such analysis may shed light on an "anomaly" found in empirical 
studiess on trade patterns in the European Union. Contrary to the expectation that countries 
wouldd increasingly specialise after the removal of trade barriers in the European Union, 
countriess tended to de-specialisation in the period 1971-1991 (Laursen 2000; cf. Dalum et al. 
1998).. With the volume of trade rapidly increasing, these results suggest that intra-industry 
tradee between countries has become more important both in absolute and relative terms. 

Thiss pattern in trade among European countries can be considered as an anomaly with 
regardd to mainstream theory of international trade. Export specialisation is traditionally 
explainedd in terms of inter-industry trade without any reference to intra-industry trade. The 
neoclassicall  Heckscher-Ohlin-Samuelson model explains export specialisation by the relative 
abundancee of factors of production among countries. Ceteris paribus, this model predicts 
increasingg specialisation in exports when trade barriers are removed. 

Ann alternative model suggests that intra-industry trade is also important, in particular 
whenn trading countries have similar abundance of factors (Krugman 1980, 1981). This model 
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includess product variety, which allows countries to specialise in the production of a subset of 
productt varieties, even if countries have similar factor abundance. This theoretical model may 
welll  explain why the rapid increase in trade within the European Union has not lead to 
increasingg specialisation patterns among its members. To test whether the volume of intra-
industryy trade is related to product variety, one is need of variety indicators in order to 
specifyy the volume of intra-industry trade as a function of product variety. Product variety 
cann be indicated using the measures developed in this study. 

9.66 FINAL REMARK 

Thiss final chapter summarised the main arguments and conclusions of this study. It also 
discussedd further research questions related to NK modelling and related to the role of variety 
inn economic development. It is hoped that this study has contributed to the understanding of 
innovationn in general, and product innovation in complex systems in particular. Throughout 
thee study the emphasis has been on the complexities of technological development as stressed 
byy historians and sociologists. Recognition of complex nature of technological development 
posess new challenges for economic theorising. Only recently, economists have embraced 
complexityy as a fact of everyday economic life. The difficult task has become to simulate 
complexx phenomena using simple models that are easily understood. 
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Appendixx I 

Routinee to calculate cover size (ad section 2.2.2) l 

SS is the set of strings of size N (i =1,.. .,N).2 Assume Aj to equal 2 for all i: 

S€€ S; s = s1s2...sN; s{ e {0,1} 

Wee call I={  1,2 N}  the corresponding set of indexes. 
Bee W: S->ïR a real valued (fitness) function that we want to maximise. We require 

thatt W be defined on the entire set S. For simplicity we also require that W have a unique 
globall  optimum (for the general case, see Frenken et al. 1999a). 

AA  schema (or hyperplane) h is a ternary string of size N: 

hh = h!h2...hN hie{0,l,#} 

Thee defining alleles of a schema are those alleles, which differ from #. Let d(h) be the set of 
suchh defining alleles: 

d(h)) = {i;hi*# } 

Thee size of a schema is the number of its defining alleles: 

sz(h)) = |d(h)| 

Ass in Holland (1975) we say that a string s belongs to the schema h iff: 

Sii  = hj Vied(h) 

Thee projection A of a string s on a schema h is a new string z which has the same alleles as 
thee schema's defining alleles: 

SAhh = z where Zj = hj iffied(h) 
Zii  = Sj otherwise 

AA schema h is dominant for the function W iff: 

W(sAh)>W(s)) VseS 

11 This appendix has been published in Frenken et al. (1999a). 
ii  is used here where n is used in the main text. 
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AA cover is a decomposition scheme composed only by dominant schemata. Formally, a set of 
schemataa C={h1,h2,....hk}  is a cover for the function W iff: 

a)) every h1 is dominant for every seS 

b)b) (Jd(h>) = I 
1=1 1 

Thee size of a cover C is the size of the largest schema in it: 

sz(C)) = maxi{sz(h1)} 

Thiss problem can be solved recursively according to the following algorithm: 

0.. be s* the string with maximum fitness 
1.. sz :=  1 
2.. find all the schemata of size sz containing s* 
3.. for each such schema check if it is globally dominant, if so put it in the set C 
4.. if the union of defining bits of the schemata in C gives the set of all n bits then STOP 
5.522 :=sz+l 
6.. return to step 2. 

Inn this way we obtain the set C, i.e. the cover of minimum size. We are always sure that the 
algorithmm wil l halt because at worst, by definition, s* is a dominant schema which, alone, 
formss a cover. Note also that in general there exist multiple covers of a function, but using 
thiss procedure we are sure, by construction, to find all those of minimum size. 
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Appendixx II 

Element-functionn matrices of five simulated NK fitness landscapes on which agents with 
differentt decomposition schemes compete (ad Section 2.3.4) 

n=ll  n=2 n=3 n=4 n=5 n=6 n=7 n=8 n=9 n=10 n=l l n=12 

Wii  x x 
w 22 x x 
w 33 - - x x 
w«« - - x x 
w ss . . . . x x 
w 66 - - - - X X 
w 77 X X - -
Wgg X X - -
w99 X X -
Wioo X X -
Wnn X X 
W122 XX 

Figuree Il-a: element-function matrix of landscape 2 

n=ll  n=2 n=3 n=4 n=5 n=6 n=7 n=8 n=9 n=10 n=l l n=12 

W ,, X X X 

W22 X X X - - - - - - - - -

W33 X X X 

w 44 . . . X X X 

W 55 - - - X X X 

w 66 - - - X X X 

w 77 - - - - - - x x x - - -

Wgg x x x - - -
W 99 X X X - - -
WlOO X X X 

W | ll  X X X 
w i 22 X X X 

Figuree Il-b : element-function matrix of landscape 3 
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CHAPITRECHAPITRE  1 

Modèless évolutionnistes du changement technologique 

Lorsquee la theorie économique néoclassique traite de Fanalyse du changement technique, elle 
lee fait en se concentrant avant tout sur les innovations de procédés. Ces innovations sont 
modéliséess grace a un concept central de 1'analyse néoclassique, celui de fonction de 
production.. Cette fonction décrit 1'ensemble des possibilités techniques qui s'offrent a une 
entreprise,, en établissant une relation entre la quantité produite d'un bien homogene et 
différentess combinaisons de facteurs de production. Une des fonctions les plus couramment 
utiliséess est la fonction de Cobb-Douglas : 

Q(L,K)=Q(L,K)= ALaKp (R.1) 
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oüü L (resp. K) représente la quantité de facteur travail (resp. capital) utilisée, et oü cc, p > 0 
sontt des paramètres. Dans ce cadre théorique, Ie changement technique se traduit par une 
augmentationn dans Ie temps de la variable exogene A : 

Q(L,K,t)=Q(L,K,t)= A(t)L" K" (R.2) 

Commee la fonction de production s'applique a un bien homogene, ce type de changement 
techniquee reflète uniquement 1'introduction de nouvelles technologies dans Ie processus de 
production.. Cette representation du changement technique est exogene dans la mesure oü les 
mécanismess du changement technique ne sont pas inclus dans Ie modèle. 

Less modèles plus récents rendent Ie changement technique endogene, en Ie faisant 
dépendree de variables telles que les dépenses de Recherche et Développement (R&D). Cette 
familiee des modèles a des implications importantes en matière de politique économique, 
notammentt en ce qui concerne les investissements technologiques et 1'éducation (Verspagen 
1992;; Romer 1994). 

Unee hypothese importante dans la theorie néoclassique du changement technique est 
cellee de «changement technique générique». Selon cette conception, Ie changement 
techniquee entraïne des ameliorations de toutes les techniques representees par la fonction de 
production.. Graphiquement, Ie changement technique est done representé par un déplacement 
dee la courbe isoquante vers 1'origine. Une même quantité de bien homogene peut être 
produitee en ti, en utilisant moins de facteurs de production, quelle que soit la technologie 
(fonctionn de production) utilisée en to (voir figure R-l). 

0 1 2 3 4 5 6 7 8 9 9 

Labour r 

Figuree R-l: Changement technique dans Ie période to - ti 
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Atkinsonn & Stiglitz (1969) ont introduit le concept de changement technique localise dans le 
cadree de la theorie néoclassique de la production. Selon eux, la majorité des changements 
techniquess consistent en 1'amélioration d'une technique ou d'un petit sous-ensemble de 
techniques.. Typiquement, ces ameliorations concernent une technique déja utilisée, 
1'apparitionn d'une technique réellement nouvelle étant plus rare. 

Avecc le concept de changement technique localise, la direction du changement 
techniquee devient sensible aux événements historiques. Une technique choisie en fonction des 
prixx a un moment donné peut connaitre un développement tel qu'un changement de prix 
ultérieurr n'entraïne plus une substitution technologique - contrairement au schema 
néoclassiquee de la production. Il est done nécessaire, pour comprendre 1'évolution technique 
dee long terme, de disposer d'une information complete sur les fluctuations des prix des 
facteurss de production (Atkinson et Stiglitz 1969). 

Mêmee si le concept de changement technique localise a rendu 1'évolution 
technologiquee sensible aux fluctuations des prixs attendus par les firmes, les hypotheses sur 
less firmes dans le modèle du Atkinson et Stiglitz (1969) sont identiques a celles de la theorie 
néoclassique.. Selon eux, les firmes ont la capacité de prédire la vitesse du changement 
techniquee dans toutes les options techniques, et peuvent done maximiser leur profit en 
calculantt et en comparant les benefices futurs des différentes options techniques. 

L'hypothèsee de capacités cognitives fortes des firmes est abandonnée par les 
économistess « évolutionnistes » (David 1975 ; Nelson and Winter 1982 ; Winter 1984 ; Dosi 
ett al. 1988 ; Silverberg et al. 1988 ; Andersen 1994). Selon eux, les firmes n'ont pas la 
capacitéé de prédire la vitesse du progrès technique; les benefices des investissements dans la 
Recherchee & Développement sont fondalement incertains. 

Laa theorie évolutionniste est caractérisée, comme la theorie biologique de la selection 
naturelle,, par deux elements: les sources de variation d'une part, et les mécanismes de 
selectionselection d'autre part. L'incertitude des investissements de Recherche & Développement est 
representee,, dans les modèles évolutionnistes, comme un mouvement stochastique autour de 
laa technique qu'une firme utilise actuellement. Ces mouvements stochastiques introduisent de 
nouvelless variations dans la population des techniques. La selection est representee par des 
regiess de decision par rapport au profit. Le profit d'une firme est utilise pour accroïtre la 
quantitéé offerte ; une perte se traduit par une contraction de cette quantité. 

Parr ce mécanisme d'expansion ou de contraction, les firmes ayant les techniques les 
pluss productives se développent plus vite que les firmes ayant des techniques moins 
productives.. En consequence, les nouvelles technologies diffusées sont les plus efficaces. La 
principalee difference entre le modèle néoclassique et celui d'Atkinson & Stiglitz (1969) d'un 
cöté,, et les modèles évolutionnistees de 1'autre, est que la dynamique est rendue explicite 
danss ces demiers. Cette dynamique est basée sur la creation de variation technique entre les 
firmes,, et la capacité d'accroissement de 1'offre en fonction de la productivité de la technique 
utilisée. . 

Laa période récente a vu le développement d'une autre familie de modèles 
«« évolutionnistes » : les modèles a rendements croissants (Katz and Shapiro 1985; Arthur 
19899 ; David 1985, 1993; Bruckner et al. 1994, 1996; Dalle 1995; David et al. 1998). Les 
rendementss croissants font augmenter la valeur d'une technologie en fonction du nombre 
d'utilisateurss (acheteurs et vendeurs) de cette technologie. Un certain nombre de situation 
réelless sont caractérisées par des rendements croissants particulièrement élevés. C'est le cas 
notammentt de 1'adoption d'un standard technologique: système d'exploitation d'un 
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ordinateur,, interface entre les composants d'un système assemble (chaïne haute-fidélité par 
ex.),, etc. (David et Greenstein 1990). 

Ill  existe trois types de modèles a rendements croissants dans lesquels la dynamique 
d'adoptionn est modélisée explicitement. Arthur (1989) modèlise Ie processus d'adoption 
commee une sequence de decisions prises par les consommateurs. Ces derniers peuvent 
adopterr soit la technologie « A », soit la technologie « B ».3 La population de consommateurs 
estt divisée en deux groupes de même taille : 50% des consommateurs preferent la technologie 
A,, les autres préférant Ia technologie B. Les preferences des consommateurs devraient rester 
identiquess dans Ie temps. La valeur d'une technologie pour ses futurs utilisateurs augmente 
avecc chaque nouvelle adoption, ce qui a 1'effet suivant: une sequence dans laquelle beaucoup 
dee consommateurs preferent la technologie A (B) augmente la valeur de cette technologie, de 
tellee sorte que même les consommateurs qui preferent normalement la technologie B (A) ont 
intérêtt a choisir la technologie A (B). A partir de eet instant, tous les consommateurs 
choisissentt la même technologie, et Ie développement technologique suit une trajectoire 
irreversiblee (lock in). 

Davidd (1993), Dalle (1995) et David et al. (1998) proposent une autre approche. Dans 
cettee approche, il existe une structure de réseau entre les consommateurs, spécifiée comme un 
réseauu local. Tous les agents ont Ie même nombre de voisins locaux, et ne sont influences que 
parr ces derniers: ils ne sont pas influences par les agents plus éloignés. Ce modèle présente 
unee première difference avec Ie modèle d'Arthur: dans ce dernier, tous les consommateurs 
sontt interconnectés, car chaque nouvelle adoption d'une technologie par un consommateur 
changee la valeur de cette technologie pour tous les autres consommateurs. Une seconde 
differencee est que, dans les modèles de David (1993), Dalle (1995), et David et al. (1998), les 
agentss peuvent reconsidérer leur decision après avoir choisi. Dans cette approche, Ie coüt lié 
auu changement de technologie est un paramètre important. Il existe une valeur critique de ce 
paramètree au-dessous de laquelle Tensemble des agents adoptent la même technologie et au-
dessuss duquel tous les agents n'adoptent pas Ie même technologie.4 

Unn dernier modèle est celui de substitution technologique propose par Bruckner et al 
(1994,, 1996), dans lequel les firmes décident soit d'utiliser une nouvelle technologie, soit de 
continuerr a utiliser 1'ancienne technologie. Ce modèle conceme un nombre de firmes fixé, et 
supposee une relation non-linéaire entre la valeur d'une technologie et Ie nombre des firmes 
quii  Padoptent. L'intérêt du modèle de Bruckner et al. (1994, 1996) est qu'il permet 
d'analyserr les conditions d'introduction d'une nouvelle technologie en fonction du nombre de 
firmess présent, et de 1'efficacité relative de la nouvelle technologie par rapport a 1'ancienne. 
Lee résultat du modèle est que plus Ie différentiel d'efficacité entre 1'ancienne et la nouvelle 
technologiee est faible, plus le nombre de firmes qui adoptent la nouvelle technologie au 
mêmee moment doit être grand. 

Approchess empiriques du changement technique 

Laa plupart des travaux empiriques sur le changement technique s'inspirent du modèle du 
cyclee de vie du produit (Vernon 1966 ; Mueller et Tilton 1969; Utterback et Abemathy 
19755 ; Williamson 1975 ; Abernathy et Utterback 1978 ; Gort et Klepper 1982 ; Clark 1985 ; 
Andersonn et Tushman 1990 ; Utterback et Suarez 1993 ; Klepper 1997 ; Klepper et Simons 
19977 ; Murmann et Tushman 1998). Ce modèle occupera une place centrale dans cette these. 

Lee logiciel de ce modèle est disponsible auprès de Leydesdorff et Van den Besselaar (1998). 
44 Voit aussi une modèle plus élaboré propose par Plouraboue et al. (1998). 
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L'idéee centrale du modèle du cycle de vie du produit est que Ie changement technique 
(danss un produit comme 1'automobile, 1'avion, 1'ordinateur, Ie television, etc.) se déroule en 
troiss phases : une phase explorative, une phase de développement, et une phase de maturité. 
Chaquee phase présente une dynamique d'innovation de produit et une dynamique 
d'innovationn de procédé qui lui sont propres. Dans la phase explorative, un nombre important 
dee firmes entrent dans 1'industrie en essayant d'exploiter les nouvelles opportunités 
techniquess pour concevoir un nouveau produit. Dans la phase de développement, Ie degré de 
concurrencee entre les conceptions rivales d'un même produit s'intensifie, et une « conception 
dominantee » (dominant design) finit par 1'emporter (la Ford T pour 1'automobile, et Ie 
Douglass DC-3 pour 1'avion sont des exemples connus). C'est dans cette phase que les 
rendementss croissants prennent Ie plus d'importance, car Ie nombre de consommateurs 
augmentee rapidement. Le dominant design est caractérisé par la standardisation des 
composantss clés (tels que les sources d'énergie ou les matières premières). Dans le même 
temps,, la standardisation du produit rend possible Fintroduction de systèmes de production 
dee masse. Dans la dernière phase (maturité), les opportunités techniques en matière 
d'innovationn de produit et de procédé diminuent. Le rendement marginal des investissements 
dee Recherche et Développement diminue, dans la mesure oü tres peu d'innovations restent a 
développer.. La Figure R-2 donne les courbes d'activité d'innovation pour les trois phases. Un 
nouveauu cycle de vie peut commencer quand une innovation radicale crée de nouvelles 
opportunitéss technologiques (comme 1'introduction des avions a reaction dans les années 
1940-1950). . 

Unn aspect important du modèle du cycle de vie du produit est que les dynamiques 
d'innovationn de produit et de procédé sont reliées entre elles, et reliées a la dynamique 
d'organisationn industrielle. La dynamique d'innovation entraïne des changements dans 
Forganisationn industrielle, qui influence en retour la dynamique d'innovation. Dans ce 
contexte,, Nelson (1994) a introduit le concept de co-évolution entre changement technique et 
structuree industrielle. 

Pluss précisément, la dynamique industrielle dans les approches en terme de cycle de 
viee s'exprime par les changements dans le nombre des firmes chaque année. Certains auteurs 
(Klepperr 1997) ne parlent d'ailleurs plus de cycle de vie de produit, mais de cycle de vie 
d'unee industrie. Chacune des trois phases du modèle du cycle de vie de produit a sa propre 
dynamiquee industrielle. Dans la première phase, le nombre de firmes s'accroït tres vite. Dans 
laa deuxième phase, le nombre de firmes diminue tres rapidement (phénomène de shake-out). 
Finalement,, dans la dernière phase, le nombre de firmes reste peu important: 1'industrie 
maturee est caractérisée par une organisation oligopolistique du marché. 

Lee modèle de cycle de vie de produit n'est pas tres éloignée des approches de Malerba 
ett Orsenigo (1996) et de Breschi et al. (2000). Dans ces études empiriques, les industries sont 
classifïéess Schumpeter Mark I ou Schumpeter Mark II. Cette division correspond aux 
premièree et troisième phases dans le modèle du cycle de vie. Ces études montrent que la 
dynamiquee des industries Mark I (caractérisées par de petites entreprises, une faible 
concentration,, et une turbulence dans la distribution des firmes) est tres différente de celle des 
industriess Mark II (caractérisées par de grandes entreprises, une forte concentration, et une 
distributionn stable des firmes). 

293 3 



Temps s 

Figuree R-2: Activité d'innovation pendant le cycle de vie du produit (source: Utterback et 
Abernathyy 1975: 645) 

Nelsonn & Winter (1977), Dosi (1982) et Sahal (1985) ont introduit d'autres concepts 
quii  s'apparentent aux concepts de cycle de vie du produit et de « design dominant». Leur 
conceptt de trajectoire est proche du concept d'une conception dominante, mais se réfère 
explicitementt aux sequences d'innovation dans le temps. Une trajectoire est fondée sur un 
paradigmetechnologiquee (Dosi 1982, 1988): une «base de connaissance» precise et 
codifiée,, qui permet une série d'innovations par incrementation. 

Souvent,, cette série est guidée par deux strategies (Nelson and Winter 1977). La 
premièree consiste a changer l'échelle du design par des changements incrémentiels dans les 
composantss du design. Cette strategie inclut la possibilité d'agrandissement de l'échelle du 
designn (comme pour les avions ou les raffineries de pétrole) et de miniaturisation de l'échelle 
duu design (comme dans les ordinateurs ou les telephones portables). La seconde strategie est 
dee mêcaniser le processus de production, afin de diminuer le coüt de production par 
1'introductionn des nouvelles technologies de production plus intensives en capital. Cette 
strategiee correspond a la deuxième phase du cycle de vie, oü les investissement en R&D 
s'accroissentt tres vite. L'échelle d'efficience des firmes s'élargit, et nombre de firmes sont 
forcéess de sortir de 1'industrie (« shake-out»). 
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Verss une approche par  la theorie des systèmes complexes 

Less modèles évolutionnistes ne sont pas incompatibles avec les résultats des approches 
empiriques.. Par exemple, Ie concept de trajectoire se réfêre au concept théorique de 
changementt technique localise dans un design technique; ou encore, F apparition de designs 
dominantss illustre la standardisation technologique causée par des rendements croissants. 
Néanmoins,, certains aspects empiriques du changement technique ne sont pas encore 
formalisess dans les modèles évolutionnistes. 

CritiqueCritique 1: 
Danss la majorité des modèles évolutionnistes, la technologie est representee comme une 
«boïtee noire», caractérisée uniquement par les quantités de facteurs de production. En 
revanche,, les études empiriques ont montré la pertinence de représenter une technologie 
commee un système complexe constitué d'un ensemble de composants et de liens entre ces 
composants.. Dans ce contexte, une trajectoire technologique est une sequence d'innovation 
pendantt laquelle les composants clés ne changent pas. Représenter la technologie comme un 
systèmee complexe peut permettre d'obtenir une modélisation plus approfondie du 
changementt technique. 

CritiqueCritique 2: 
Lorsquee la technologie est representee comme un ensemble de composants réunis par des 
lienss complexes, Ie processus d'innovation est incertain mais en aucun cas aléatoire, 
contrairementt a ce que supposent les modèles évolutionnistes. Le concept de trajectoire 
technologiquee signifie que, dans la phase paradigmatique, la direction du changement 
techniquee peut être guidée par des heuristiques assez precises, telles que le changement de 
Féchellee du design et 1'introduction de technologies plus intensives en capital. 

CritiqueCritique 3: 
Laa majorité des modèles évolutionnistes sont limités aux analyses d'innovation de procédé, 
carr ils supposent, comme le modèle néoclassique, que la concurrence entre les firmes est une 
concurrencee par les prix, pour la vente d'un bien homogene. En revanche, les approches 
empiriquess mettent en relation la dynamique d'innovation de procédés et la dynamique 
d'innovationn de produits. 

Lee but de cette these est de développer un modèle d'innovation de produit dans lequel la 
technologiee est traitée comme un système complexe, et oü les services rendus par une 
technologiee sont traites comme des produits hétérogènes. Les chapitres 2, 3, et 4 sont 
consacréss a 1'exposé du modèle d'innovation de produit dans le cadre de systèmes 
technologiquess complexes. Les analyses empiriques sont presentees dans les chapitres 5, 6,7, 
ett 8. Le neuvième et dernier chapitre prolonge 1'analyse en suggérant diverses pistes de 
recherchee pour le tutur. 
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CHAPITR EE 2, CHAPITR E 3 ET CHAPITR E 4 

Lee modèle NK de Kauffman (1993) 

Less systèmes technologiques complexes sont analyses ici a 1'aide du modèle NK de 
Kauffmann (1993). Ce modèle était a 1'origine utilise comme un modèle biologique 
d'évolutionn oü le système est un organisme vivant et oü les gènes sont les composants. Dans 
cee contexte, 1'adaptation d'un organisme a son environnement donne la mesure de 
performancee du système. La nouveauté du modèle de Kauffman (1993) dans le cadre de la 
biologiee est la modélisation que, d'une part, chaque gêne peut influencer plusieurs attributs 
fonctionnelss d'un organisme et que, d'autre part, chaque attribut fonctionnel peut être 
influencee par plusieurs gènes. Cette complexité fait que la mutation d'un gene entraïne la 
transformationn simultanée de plusieurs attributs fonctionnels. Il est ainsi possible qu'une 
mutationn dans un gêne entraine 1'amélioration d'un attribut fonctionnel, tout en ayant des 
effetss particulièrement négatifs sur les autres attributs fonctionnels. Dans ce cas, cette 
mutationn ne sera pas sélectionnée, car les effets négatifs 1'emportent sur 1'amélioration d'un 
uniquee attribut. La selection naturelle ne peut done pas améliorer tous les attributs des 
organismess au même temps, et ne permet pas de répondre a tous les changements survenant 
danss 1'environnement. 

Laa capacité de la nature a optimiser tous les attributs fonctionnels d'un organisme par 
unn processus de mutation et de selection connaït done des limites. De même, la capacité de 
1'êtree humain a optimiser les systèmes technologiques complexes est également limitée 
(Simonn 1955, 1969). La modification d'un composant d'un système technologique complexe 
peutt améliorer une fonction particuliere, mais peut entraïner une diminution de la 
performancee globale du système. Le modèle NK offre une approche formelle pour la 
representationn théorique des difficultés inhérentes a 1'activité de R&D.5 

Unn système est décrit par une chaïne de N composants (n=l,...,N). L'état du 
composantt n est décrit par un chiffre entier : 0, 1,2, 3 , . . ., An-\ oü A„  décrit le nombre d'états 
possiblee du composant n. Les changements dans une chaine s a N composants (sy $2. ..., s#) 
s'inscriventt dans I'espace de possibilité S: 

szS;szS; s= sls2..jN ; sn e { 0,1 ,...,An -1 }  (R.3) 

L'espacee S, ensemble de toutes les chaïnes possibles, est appelé "espace de design" 
(Bradshaww 1992; Dennett 1995), et son cardinal est donné par : 

S=S= ArA2-...-AN=Y\AK (R.4) 
»-i i 

Supposonss pour commencer que chaque composant ait deux états possibles (0 ou 1) done S=2N. 
Less liens complexes entre les composants d'un système sont modélisés par Kauffman 

(1993)) a 1'aide d'un paramètre K. Ce paramètre indique par combien d'autres composants est 
influencéee la fonctionnalité de chaque composant du système. Ainsi, K=0 signifie que la 
fonctionnalitéé de chaque composant est indépendante des autres composants, K=l signifie que 

Less applications précédentes du modèle NK aux systèmes technologiques sont : Kauffman and Macready 
(1995),, Frenken et al. (1999a); Auerswald et al. (2000); Kauffman et al. (2000) et Valente (2000). Les 
applicationss aux organisations sont : Kauffman and Macready (1995), Westhoffet al. (1996), Levinthal (1997), 
Levinthall  and Warglien (1999), Gavetti and Levinthal (2000), Marengo et al. (2000) et Rivkin (2000). 
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laa fonctionnalité de chaque composant est influencée par un autre composant, etc. La 
complexitéé est maximale dans Ie modèle NK lorsque la fonctionnalité de chaque composant est 
influencéee par tous les autres composants du système (K=N-1). 

Lee fonctionnalité de chaque composant n est representee par la valeur d'adaptation wn, 
quii  mesure 1'adaptation du composant n. Cette valeur dépend de 1'état de ce composant (0 ou 
1).. La valeur d'adaptation w„  est modélisée comme un tirage aléatoire dans une distribution 
uniformee entre 0.00 et 1.00. Chaque modification de 1'état du composant n, ou d'un composant 
influencantt la fonctionnalité du composant w, entraïne une transformation aléatoire de la valeur 
d'adaptationn w„. 

L'adaptationn totale du système dans le modèle NK de Kauffman (1993) est donnée par la 
moyennee des valeurs d'adaptation des N composants: 

Laa Figure R-3 donne un exemple des valeurs d'adaptation d'un système a trois composants 
danss lequel la complexité est minimale (K = 0). La Figure R-4 donne une illustration des 
valeurss d'adaptation d'un système a trois composants dans lequel la complexité est maximale 
(KK = N-l = 2). L'ensemble des valeurs d'adaptation dans un espace de design a N dimensions 
estt appelé "espace d'adaptation" (fitness landscape) (Wright 1932 ; Kauffman 1993). 

Laa principale difference entre 1'espace d'adaptation d'un système de complexité 
minimalee et celui d'un système de complexité maximale est qu'il existe une multiplicité 
d'optimaa locaux dans 1'espace d'adaptation du système de complexité maximale. Ces optima 
locauxx traduisent la presence d'interdépendances positives (de complémentarités) entre divers 
composantss du système. Si des agents precedent a des recherches dans 1'espace de design par 
essaiessai et erreur - autrement dit en ne modifiant qu'un composant a la fois - ils peuvent 
aboutirr a un design qui corresponde a un optimum local, mais non a un optimum global. Par 
exemple,, un agent qui traverse 1'espace oü K=2 par la sequence 101 - 001 - 000 - 010 
s'arrêtee en ce dernier point, car la chaïne 010 ne peut pas être améliorée par la 
«« mutation » d'un unique composant. Cette chaïne n'est cependant pas 1'optimum global, la 
chainee 100 ayant une valeur d'adaptation supérieure. 

Lee modèle NK montre done que les composants d'un système complexe fonctionnent 
différemmentt lorsqu'ils sont utilises dans des combinaisons différentes. Il montre également 
quee la modification d'un composant peut avoir, simultanément, des effets bénéfiques sur la 
fonctionnalitéé de certains composants, et des effets négatifs sur la fonctionnalité d'autres 
composantss (Rosenberg 1969; Hughes 1987). Au final, le résultat net peut être positif ou 
négatif. . 

Unn des principaux apports du travail de Kauffman (1993) est qu'il examine la structure 
dess surfaces d'adaptation pour différentes valeurs de Wet K. L'auteur a trouvé que: 

1.. Le nombre d'optima locaux augmente en fonction de K. Plus la complexité (exprimée par 
lee paramètre K) est élevée, plus le nombre d'optima locaux est important, et done plus il 
estt difficil e de trouver 1'optimum global par un processus d'essai-erreur. 
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000 0 
001 1 
010 0 

on n 
100 0 
101 1 
110 0 
111 1 

w, , 

0.2 2 
0.2 2 
0.2 2 
0.2 2 
0.7 7 
0.7 7 
0.7 7 
0.7 7 

Figuree R-3: Simulation des valeurs d'adaptation (N=3, K=0) 

000 0 
001 1 
010 0 

on n 
100 0 
101 1 
110 0 
111 1 

w, , 

0.5 5 
0.2 2 
0.7 7 
0.6 6 
0.9 9 
0.2 2 
0.5 5 
0.4 4 

Figuree R-4: Simulation des valeurs d'adaptation (N=3, K=2) 

2.. Les valeurs d'adaptation des chaïnes correspondant aux optima locaux sont plus 
importantess dans les systèmes avec un degré de complexité non nul, mais modéré. Dans 
dee tels systèmes, les liens entre composants offrent des possibilités d'interdépendances 
positivess (complémentarités). Quand Ie degré de complexité tend vers sa valeur maximale 
K=N-1,K=N-1, les possibilités d'interdépendances positives sont moindres : Ie grand nombre de 
lienss fait que toute interdépendance positive est compensée par une interdépendance 
negative. . 

3.. Plus la valeur d'adaptation d'un optimum local est élevée, plus son bassin d'attraction est 
important.. Le bassin d'attraction se définit comme 1'ensemble des chaïnes a partir 
desquelless il est possible d'atteindre un optimum local, au terme d'un processus d'essai-
erreur. . 

w w 
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0.6 6 
0.9 9 
0.9 9 
0.6 6 
0.6 6 
0.9 9 
0.9 9 
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0.5 5 
0.8 8 
0.5 5 
0.8 8 
0.5 5 
0.8 8 
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0.43 3 
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0.70 0 
0.60 0 
0.80 0 
0.70 0 

011 1 
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000 0 

(0.51 ) ) 

001 1 

(0.43 ) ) 
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0.70 ) ) 

w w 
0.1 1 
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0.5 5 
0.5 5 
0.3 3 
0.9 9 
0.8 8 

0.7 7 
0.8 8 
0.6 6 
0.3 3 
0.8 8 
0.4 4 
0.4 4 
0.1 1 

0.43 3 
0.40 0 
0.70 0 
0.47 7 
0.73 3 
0.30 0 
0.60 0 
0.43 3 
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011 1 
(0.47) ) 

)100 V, 
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000 0 

(0.43/ / 

/ / 
111 1 

(0-43) ) 

001 1 
(0.40 ) ) 

110 0 
(0.60 ) ) 
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Less résultats de Kauffinan (1993) montrent que les systèmes complexes avec un degré de 
complexitéé modéré (K = 2, K = 3,K = 4 ; 7 < N<97) sont des systèmes oü Ie nombre 
d'optimaa locaux est modéré, oü les valeurs d'adaptation des optima locaux sont favorables, 
ainsii  que les bassins d'attraction. Pour cette raison, on peut s'attendre a ce que les systèmes 
technologiquess complexes ayant rencontre un certain succes historiquement sont des 
systèmess d'une complexité modérée. 

Laa présente these met également 1'accent sur une des grandes differences entre 
1'evolutionn biologique et 1'evolution technologique. Dans cette dernière, la modification d'un 
seull  composant a la fois n'est pas la seule strategie possible, contrairement a ce qui se produit 
danss 1'évolution biologique. La recherche menée dans Ie domaine des systèmes 
technologiquess complexes peut reposer sur 1'adoption d'une strategie consistant a changent 
plusieurss elements du système en même temps. Cette possibilité permet a un agent 
d'échapperr a un optimum local grace a des « mutations » engagées dans plusieurs dimensions 
simultanément.. Dans la simulation de la figure R-4, une telle strategie permet a un agent 
d'effectuerr un « saut» de 1'optimum local 010 (W=0.70) a 1'optimum global 100 (W=0.73). 

Laa strategie pour trouver 1'optimum global dans tout système complexe consiste done 
aa modifier n'importe quel nombre de composants. Cette strategie correspond a une 
"recherchee exhaustive", ce qui revient simplement a essayer toutes les combinaisons possible 
entree les différents états possibles des composants. Cette strategie permet toujours d'aboutir a 
1'optimumm global, mais nécessite un nombre d'essais tres élevé (égal, en fait, au nombre de 
possibilitéss S). Pour cette raison, comme Ta expliqué Simon (1962, 1969), cette strategie ne 
peutt pas être mise en oeuvre en pratique, tous les essais ayant un coüt (en capital et en temps). 

Kauffmann (1993) a laissé de cöté un type particulier de systèmes complexes : les 
systèmess décomposables et quasi-décomposables, au sens de Simon (1962, 1969). Ce sujet 
estt traite par Frenken et al. (1999a) et dans Ie Chapitre 2 de la présente these. Les systèmes 
décomposabless sont ceux dans lesquels les interdépendances entre les composants sont 
organiséess uniquement aux niveaux des sous-systèmes. Par exemple, une système (N=4, 
K=l )) dans lequel n=l et n=2 d'une part, et n=3 et n=4 d'autre part, sont interdépendants, est 
decomposablee en deux sous-systèmes (n=l,2 ; n=3,4). 

Lee principal avantage des systèmes décomposables est que les mutations au niveau 
d'unn sous-système n'influencent pas les composants des autres sous-systèmes. Pour cette 
raison,, tous les sous-systèmes peuvent être optimises indépendamment et parallèlement, ce 
quii  autorise une division du travail. Le temps nécessaire pour optimiser le système est done 
inférieurr a celui requis dans le cas d'un système non-décomposable. 

Less principes propres aux systèmes décomposables s'appliquent également aux 
systèmess quasi-décomposables, oü la majorité des interdépendances sont organisées aux 
niveauxx des sous-systèmes, et oü tres peu d'interdépendances existent entre les sous-systèmes 
(Simonn 1962, 1969). De tels systèmes peuvent être optimises au niveau des sous-systèmes, 
mêmee s'il n'est pas certain que Ton aboutisse alors a un optimum global. Le gain en temps 
estt en general suffisamment important pour compenser la perte de valeur d'adaptation par 
rapportt a 1'optimum global (Frenken et al. 1999a). 

LeLe modèle NK generalise 

Lee modèle NK développé par Kauffman (1993) repose sur une supposition implicite: le 
nombree de fonctions d'un système doit être égal au nombre de composants. Cette supposition 
estt basée sur 1'idée que chaque composant a sa propre fonction dans le système. 
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LeLe modèle de Kauffman (1993) peut être generalise afin de représenter tout type de 
systèraee complexe. Ce modèle generalise, développé par Altenberg (1995, 1997), est un 
modèlee dans lequel le nombre des N composants (n=l, ...,N) peut varier indépendamment du 
nombree des F fonctions (f=l  F) et vice versa. Le matrice d'architecture des liens entre N 
composantss et F fonctions est une matrice de type (F, N), donnée par: 

M=[mM=[m /h/h],f],f  = \,...,F,n = l...,N (R.6) 

Enn suivant la distinction proposée par Saviotti et Metcalfe (1984), les composants du système 
sontt les « caractéristiques de la technique » alors que les fonctions sont les « caractéristiques 
duu service ». 

Less elements de la matrice m/„  indiquent la presence ou 1'absence d'un lien entre le 
composantt n et la fonction ƒ Chaque composant influence au moins une fonction et chaque 
fonctionn est influencée au moins par unn composant (Altenberg 1995). Par exemple, le matrice 
d'unee système est donné dans figure R-5 (oü un "x" indique la presence d'un lien, et un "-" 
1'absencee de Hen). 

Chaquee colonne de la matrice est un indicateur du degré de « pleiotrophie » d'un 
composantt n du système. La « pleiotrophie » est le nombre de caractéristiques du service 
influencéess par une modification du composant n. La « pleiotrophie » est une caractéristique 
tress importante pour un système complexe : plus la «pleiotrophie» d'un composant est 
élevée,, plus ce composant jouera un röle important dans 1'évolution technique du système. 
Cettee importance est discutée plus en détail ci-dessous. 

n=ll  n=2 n=3 

fonctionalityy f=l x x 
fonctionalityy f=2 - x x 

Figuree R-5: Matrice des relations entre composants et fonctions 

L'espacee d'adaptation du modèle NK generalise est construit de la même facon que celui du 
modèlee NK original. La valeur d'adaptation d'une caractéristique de service, Wfr est modélisée 
commee un tirage dans une distribution uniforme entre 0.00 et 1.00. A chaque fois que 1'état 
d'unn composant n (qui influence la fonction f) change, le valeur d'adaptation Wf change 
également,, de maniere aléatoire. Comme dans le modèle NK original de Kauffman (1993), le 
valeurr d'adaptation du système dans le modèle NK generalise de Altenberg (1997) est donnée 
parr la moyenne des valeurs d'adaptation des caractéristiques du service : 

Laa figure R-6 présente une simulation de l'espace d'adaptation du système décrit par la figure 
R-5.. Cet espace d'adaptation présente deux optima locaux (000 et 110). Dans 1'optimum 
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locall  000, la deuxième fonction est optimisée au prix d'une perte dans la valeur d'adaptation 
dee la première (wj= 0.8, w2=0.9). Dans 1'optimum local 110, la première fonction est 
optimiséee au prix d'une perte dans la valeur d'adaptation de la seconde (wi = 0.9, W2 = 0.3). 
Laa recherche par essai -erreur dans eet espace peut aboutir soit a 000, soit a 110, en fonction 
dee la chaine adoptee initialement, et de la sequence de mutations ayant lieu par la suite. 

000 0 
001 1 
010 0 
011 1 
100 0 
101 1 
110 0 
111 1 

w, , 

0.8 8 
0.8 8 
0.4 4 
0. 4 4 
0. 2 2 
0.2 2 
0.9 9 
0.9 9 

w2 2 

0.9 9 
0.6 6 
0.3 3 
0.2 2 
0.9 9 
0.6 6 
0.3 3 
0.2 2 

W W 

0.8 5 5 
0.7 0 0 
0.3 5 5 
0.3 0 0 
0.5 5 5 
0.4 0 0 
0.6 0 0 
0.5 5 5 

100 0 
;0.55) ) 

101 1 
(0.40) ) 

Figuree R-6: Simulation de 1'espace d'adaptation du système de la figure R-5 

D'autress generalisations du modèle NK portent sur la modélisation de 
1'environnementt de selection. Kauffman (1993) et Altenberg (1997) ont choisi de modéliser 
1'adaptationn comme la moyenne des valeurs d'adaptation des caractéristiques du service. 
Autrementt dit, toutes les caractéristiques du service ont Ie même poids. Une formalisation 
pluss générale consiste a specifier un poids différent pour chaque fonction du système: 

W(s)=^W(s)=  ̂ fif-vrt(s) 
ƒ-> > 

(R.8) ) 

(R.9)6 6 

Unee autre generalisation de 1'environnement du selection repose sur 1'introduction de groupes 
dee consommateurs hétérogènes (Lancaster 1979: 17 ; Pinch et Bijker 1984). Chaque groupe 
dee consommateurs g (g=l, ...,G) donne une valeur d'adaptation différente a un même design. 
Cettee valeur d'adaptation spécifique au groupe g est notée Wg_; elle est donnée par: 

(R.10) ) 

66 D'autres specifications sont possibles, par exemple une fonction de Cobb-Douglas avec utilité marginale 
décroissante.. Voir aussi Lancaster (1979) et Nijkamp et al. (1990). 
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£ / ? f g = l ,, /?fg>0 (R.U)7 

Quandd un agent effectue une recherche dans 1'espace d'adaptation d'un environnement de 
selectionn generalise, il prospecte en réalité G environnements différents simultanément, car 
chaquee groupe donne des valeurs d'adaptation différentes a un même design. 

Commee nous I'expliquons en détail dans la these, une strategie de recherche 
spécifique,, visant a fournir un service a plusieurs groupes de consommateurs hétérogènes est 
possible.. Nous 1'avons appelé «strategie de recherche dans 1'espace fonctionnel». Cette 
strategiee est tres différente d'un processus d'essai- erreur, car celui-ci n'utilise pas 
Pinformationn fonctionnel. 

Unee strategie du recherche dans 1'espace fonctionnel implique d'optimiser chaque 
fonctionn séquentiellement, en commen9ant par la plus importante, puis en optimisant, de 
manieree récurrente, la fonction la plus importante parmi celles restantes. Cette strategie donne 
dess résultats différents pour des groupes de consommateurs différents, parce que chaque 
groupee de consommateurs hétérogènes a son propre ensemble de poids. 

Soitt deux groupes de consommateurs : Ie groupe un (g=l) a des poids tel que 
PuPu > P21 et Ie groupe deux (g=2) a des poids tel que pl2 < p22- Une strategie de recherche 
danss 1'espace fonctionnel pour Ie groupe un implique d'optimiser d'abord la première 
fonctionn (11#8), puis la seconde (110). Une strategie de recherche dans 1'espace fonctionnel 
pourr Ie groupe deux commence par 1'optimalisation de la seconde fonction (#00) et se 
poursuitt par 1'optimisation de la première fonction (000). 

Enfin,, Ie modèle NK peut être generalise de maniere a prendre en compte différents 
typess d'innovations. Henderson et Clark (1990) distinguent quatre types d'innovations dans 
less artefacts complexes: 1'innovation modulaire, l'innovation architecturale, 1'innovation 
incrémentalee et 1'innovation radicale. 

Danss cette classification, la « mutation » d'un composant ou d'un sous-ensemble de 
composantss du système est une innovation modulaire. Le changement dans Ie système 
intervientt au niveau des composants, et non pas au niveau du système lui-même. La strategie 
dee recherche par un processus d'essai-erreur ne conceme done que ce type d'innovation. 

L'innovationn architecturale se situe a 1'opposé de 1'innovation modulaire. 
L'innovationn architecturale change les liens entre des composants du système sans changer 
less états des composants eux-mêmes. Dans le modèle NK generalise, ce type d'innovation 
impliquee une transformation de liens entre les caractéristiques de la technique et celles du 
servicee (des elements de la matrice ntfn). Par exemple, une innovation architecturale peut faire 
disparaïtree le lien entre un composant et une fonction données, afin que le système devienne 
pluss aisément decomposable. 

Hendersonn et Clark (1990) parlent également d'innovation incrémentale et 
d'innovationn radicale. Une innovation incrémentale conceme Famélioration du 
fonctionnementt du système sans modification des composants ni changement dans les Hens 
entree composants. Ce type d'amelioration est rendu possible par l'innovation au niveau d'un 
étatt de composant même. Par exemple, I'efficacité des automobiles a progressé non 
seulementt grace aux innovations au niveau de 1'automobile elle-même, mais aussi grace a des 

Danss le cas des groupes de consommateurs hétérogènes, les poids ne doivent pas nécessairement être tous 
positifs.. La valeur zéro est possible également. 

## signifïe "n'importe quel état du composant". Ici, # signifie done "zéro ou un". 
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innovationss au niveau des moteur a pétrole. Ces innovations dans le moteur a pétrole 
n'impliquentt pas une mutation du composant moteur dans le système d'automobile parce que 
lee type de moteur est resté le même (moteur a pétrole). Enfin, une innovation radicale est 
simplementt définie comme une innovation modulaire qui est aussi une innovation 
architecturalee (et réciproquement). 

Less quatre types d'innovation sont résumées dans le schema de figure R-7. 

architecturee pas change 

architecturee change 

composantss pas change 

innovationn incremental 

innovationn architecturale 

composantss change 

innovationn modulaire 

innovationn radicale 

Figuree R-7: Matrice des types d'innovation (adapté de Henderson and Clark 1990: 12) 

Dynantiquee d'innovation dans des systèmes technologiques complexes 

Danss cette these, le modèle NK generalise est utilise comme modèle conceptuel et formel 
rendantt compte du cycle de vie du produit. Le résultat de cette exercice est que Pémergence 
d'unn « design dominant» peut être comprise comme 1'effet de liens complexes entre les 
composantss d'un système technologique (le produit). 

Cettee conclusion est dérivée de la caractéristique de pleiotrophie des composants dans 
unn système complexe. Un tel système présente généralement quelques composants clés, avec 
unn haut degré de pleiotrophie, et d'autres composants plus « péripheriques », au faible degré 
dee pleiotrophie. Les effets de la modification d'un composant a haut degré de pleiotrophie 
sontt différents de ceux resultant de la modification d'un composant a faible degré de 
pleiotrophie.. Un haut degré de pleiotrophie signifie qu'un grand nombre de valeurs 
d'adaptationn changent en même temps. Le résultat net sur la valeur d'adaptation du système 
estt statistiquement tres faible, et souvent même négatif. En revanche, la modification d'un 
composantt au faible degré de pleiotrophie a plus de chances d'avoir un effet positif au niveau 
duu système. Le probabilité d'un résultat net positif est plus élevée parce que, lorsque le degré 
dee pleiotrophie est tres bas, F amelioration d'une fonction est rarement contrebalancée par des 
effetss négatifs sur les autres composants. 
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Lee probabilité d'améliorer Ie système par la modification d'un composant a haut 
degréé de plieotropie est done plus faible que celle d'améliorer le système par modification 
d'unn composant a faible degré de pleiotrophie. Pour cette raison, les composants clés d'un 
systèmee tendent a rester invariants pendant de longues périodes, alors que les composants 
périphériquess changent plus souvent. Cette périodicité correspond au concept de « design 
dominant»» et a celui de paradigme technologique.9 

Prenonss 1'exemple de 1'évolution de 1 automobile. Clark (1985), Sébbar (1996) et 
Forayy (1998) ont observe que le changement technique se focalisait au début sur des 
composantss clés comme le moteur et le matériau de construction. Après une période de forte 
concurrencee entre systèmes rivaux, un design est devenu dominant. La dynamique 
d'innovationn a persisté après 1'émergence de ce design dominant, mais en ne concernant plus 
quee les composants périphériques. Les changements dans les composants périphériques se 
focalisentt typiquement sur 1'amelioration d'une fonction spécifique comme le confort, la 
sécurité,, le niveau de pollution, etc. Il n'impliquent pas de changement majeure dans le choix 
dess composants clés, ni dans la base de connaissance liée a ces composants clés. 

Cee modèle s'applique aussi aux invariances dans les suppositions clés des paradigme scientiques (Lakatos 
1978;; Dosi 1982: 152, nl6). 
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CHAPITREE 5, CHAPITRE 6, CHAPITRE 7 ET CHAPITRE 8 

Lee partie empirique de la these est développée dans les chapitres 5, 6, 7 et 8. Les chapitres 6, 
77 et 8 ont été publiés sous formes d'articles, dont les references sont, respectivement: 

ChapitreChapitre 6: Frenken, K., Saviotti, P.P., Trommetter, M. (1999b) 'Variety and niche creation 
inn aircraft, hélicoptères, motorcycles and microcomputers', Research Policy 28, pp. 469-488. 

ChapitreChapitre 7: Frenken, K., Leydesdorff, L. (2000) 'Scaling trajectories in civil aircraft (1913-
1997)',, Research Policy 29, pp. 331-348. 

ChapitreChapitre 8 : Frenken, K. (2000) 'A complexity approach to innovation networks. The case of 
thee aircraft industry (1909-1997)', Research Policy 29, pp. 257-272. 

Less données utilises dans les chapitres 5, 6, 7 et 8 sont les caractéristiques techniques d'un 
espacee design de quatre technologies : les avions, les hélicoptères, les deux-roues motorisés, 
ett les ordinateurs. L'espace de design des avions comporte six dimensions, celui des 
hélicoptèress cinq dimensions, l'espace de design des deux-roues motorisés en comporte trois, 
ett celui des ordinateurs en comporte sept (voir Frenken et al. 1999b: 485-486). Les designs 
sontt également décrits a 1'aide des caractéristiques des services rendus par le système 
(fonctions).. L'espace fonctionnel des avions comporte six dimensions, et celui des 
hélicoptèress également. L'espace fonctionnel des deux-roues motorisés comporte quatre 
dimensions,, et celui des ordinateurs également (voir Frenken et al. 1999b: 485-486). Dans ce 
résumé,, nous exposons principalement les résultats concernant revolution des avions et des 
hélicoptères.. Les résultats sur 1'évolution des deux-roues motorisés et des ordinateurs sont 
présentéss de maniere plus succincte; ils sont discutés en détail dans Frenken et al. (1999b). 

L'analysee empirique évolutionniste consiste principalement en deux types d'analyse. 
Premièrement,, une analyse devolution de la variété technologique nous donne des 
indicationss sur 1'emergence d'un « design dominant», ou sur la coexistence de plusieurs 
designss dominants. Deuxièmement, une analyse de 1'évolution du nombre des fïrmes nous 
fournitt des indications sur les changement d'organisation industrielle et sur les relations entre 
dynamiquee d'innovation et organisation industrielle. La these présente également d'autres 
analyses,, qui ne figurent pas dans le résumé. 

Laa question de l'analyse de la variété technologique est traitée dans le cadre d'une 
approchee par la statistique d'entropie. Cette approche peut être considérée comme une des 
contributionss principales de la these, les statistiques d'entropie ayant déja été appliquées dans 
dee nombreux domaines10, mais pas encore dans celui du changement technique. 

Pourr une espace de design de dimension N, 1'entropie est donnée par 1'application de 
laa formule suivante a la distribution des frequences des designs dans une population de 
produitss (Theil 1972: 116, 155): 

L'entropiee est utilisée comme une mesure de la concentration du marché ; elle dififère de 1'index de Herfindahl 
(Theill  1967; Zadjenweber 1972; Krehm 1977; Saviotti 1996). D'autres applications de l'entropie sont : des 
mesuress d'inégalité économique (Theil 1967) et des mesures des structures des tables input-output (Theil 1967; 
Battenn 1983). En sociologie, l'entropie est utilisée comme une mesure de segregation, par exemple dans les 
distributionss raciales (Theil 1972). Dans les études d'innovation, l'entropie est utilisée comme une mesure de 
diversificationn des brevets et/ou des dépenses aux R&D (Grupp 1990; Kodama 1990; Carpenter and Templé 1996). 
Enn scientométrie, Leydesdorff (1995) a développé une methodologie permettant d'analyser 1'évolution des 
distributionss des mots et des citations. 
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Ai-11 AJ-1 AN-1 

HH (X, ,X2,..., XN) = - J Z - Z /»#...- ' l o^ G vJ (R-12> 

enn bits, et par dimension, 1'entropie marginale est donné par: 

ƒ / ( * , )) = - £ > , . log2(/>, ) (R.13.1) 
;=o o 

H(XH(X22)) = -YiP.j...-loë2(pJJ (R.13.2) 
A2-I I 

I I 
etet cetera. 

Enn bits. La mesure d'entropie est minimale si tous les produits dans Ie population sont 
construitss sur la base d'un même design. Dans ce cas, il existe une chaïne de frequence py..,w 

== 1, tous les autres design possible ayant une frequence nulle : 

H^iX^X^H^iX^X  ̂ . . . , * „ ) = - l l o g 2 ( l ) = 0 (R.14) 

Pourr toutes les autres distributions de designs, la mesure d'entropie est positive. Elle est 
maximalee si tous les designs possible ont la même frequence. Comme Ie nombre de designs 
possibless est donné par la taille de 1'espace de design S, 1'entropie maximale est donné par 
1'applicationn de la formule d'entropie a une distribution dans laquelle tous les designs ont 
pourr frequence pij...w = l/S. L'entropie de cette distribution est: 

Laa mesure de dépendance entre les dimensions de 1'espace de design est la mesure 
d'informationn mutuelle (Theil 1972: 126,155; Langton 1990): 

A.-ll  AJ-1 AN-1 f D ^ 

TV„X,TV„X, *„) - J I ... I ,,_• log, P" 
,=00 7=0 w=0 \Pi ' P.j.... '  'P wj 

(R.16) ) 

enn bits. Cette mesure indique dans quel mésure Ie choix de 1'état d'une dimension dépend du 
choixx de 1'état des autres dimensions. Il y a indépendance quand T = 0. Dans ce cas, la 
frequencefrequence des designs py...w correspond exactement aux frequences dérivées du produit des 
frequencesfrequences marginales (p/•  pw). 

L'existencee de liens complexes entre les dimensions de 1'espace de design du produit créent 
cettee dépendance entre dimensions. Dans ce cas, Ie choix de 1'état d'un composant dans une 
dimensionn est complete par Ie choix d'un état précis dans d'autres dimensions. Plus Ie degré 
dee dépendance est important, plus la mesure d'information mutuelle est élevée. 
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Lee mesure d'information mutuelle est directement reliée a la formule de la statistique 
d'entropie:: (Sahal 1979: 129; Theil and Fiebig 1994: 12): 

T{XT{XltltXX22,...,X,...,Xlflf)=\f)=\f ttH(XH(Xmm)) - H{XX,X2,...,XN) (R.17) ) 

Quandd 1'entropie est nulle, 1'information mutuelle Test aussi 

ff  N 
11 {X} ,X2,..., XN) — 

v«=l l 
£ # ( * . )) \- H(XltX2^,XN) 

ff N >| 
T(XT(Xtt,X,X22,...,X,...,XNN)) = £ - l l o g2 ( l ) - -Hog2( l ) = 0 + 0 = 0 

Vn-ll  ) 

Quandd Tentropie est maximale, l*information mutuelle est encore egale a zéro: 

T(XT(XltltXX2f2f...,X...,XNN)=)=  £ # ( * „ ) -H{X„X 2,...,XN) 

r(^,x 2,...,^)=f|;iog2(4)].iog2(5) ) 

T(XT(X{{ ,X,X22 * „ ) = l o g 2 ( 4 ..•.J4J-log2(.S') 

^ (X 1 , ; r 2 , . . . , J f „ )= log 2 ( ) S) - log 2 ( s )=0 0 

Ci-dessous,, Ia mesure d'information mutuelle est appliquée aux distributions de frequences 
dee dimension N et aux distributions de frequences bi-dimensionelles. Cette application de la 
mesuree d'information mutuelle indique le degré de complexité entre deux dimensions comme 
danss le modèle NK (generalise). Par exemple, dans un espace de design a trois dimensions, 
troiss mesures d'information mutuelle bi-dimensionelles sont calculées : 

A.-ll  MA 

;=oo ƒ.0 

Py-Py-

KPi.'Pj. KPi.'Pj. 
(R.18.1) ) 

Ai- ll  AJ-1 

T(XT(Xtt,X,X22)=)= £ X Pu- log2 
1=00 *- o 

A2-11 A3-I 

T(XT(X2t2tXX33)=)=  £ ]T p J k - log2 
y-oo t-o 

rr  \ 
Pu Pu 

\Pi..'P.jt; \Pi..'P.jt; 

f f 
'Jk 'Jk 

{P.J.'P..{P.J.'P..kkJ J 

(R.18.2) ) 

(R.18.3) ) 
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Résultats s 

Less principaux résultats du Chapitre 5 concement des calculs d'entropie et d'information 
mutuelle.. Ces calculs sont bases sur des périodes de dix ans. Dans les graphiques qui suivent 
(voirr plus loin), chaque année se réfêre a la première année d'une période de dix ans. 

Less figures R-8-1 et R-8-2 donnent les résultats des calculs d'entropie et 
d'informationn mutuelle pour les avions et les hélicoptères. Les figures R-9-1 et R-9-2 donnent 
less résultats des calculs d'information mutuelle bi-dimensionelle pour tous les couples de 
dimensionss dans 1'espace de design des avions et les hélicoptères. Les figures R-10-1 et R-
10-22 donnent les résultats sur Ie nombre de firmes actives dans 1'industrie des avions et dans 
1'industriee des hélicoptères. Une firme active est définie comme une firme qui a introduit au 
moinss un nouveau produit (pas nécessairemnt un nouveau design) sur Ie marché dans une 
périodee de dix ans. 

Less résultats montrent que les courbes d'entropie et d'information mutuelle pour les 
avionss et les hélicoptères sont tres différentes, bien que les courbes du nombre de firmes 
activess soient assez similaires. Les deux industries ont connu une phase de « shake-out» 
pendantt laquelle beaucoup de firmes sont sorties de l'industrie. Cependant, cette phase ne 
correspondd a une phase d'émergence d'un design dominant que dans Ie cas des hélicoptères, 
commee 1'indiquent les courbes décroissantes d'entropie et d'information mutuelle. 
L'évolutionn des hélicoptères peut done être considérée comme un exemple 
«« paradigmatique » de la theorie du cycle de vie. 

L'évolutionn des avions constitue done un cas empirique qui contredit Ie modèle du 
cyclee de vie du produit. Bien que Ie nombre des firmes ait baisse après les années trente, et 
bienn que Ie design dominant indiqué par les historiens (Ie Douglas DC-3) ait été introduit en 
1936,, ces développements n'ont pas diminué la variété technologique dans Ie long terme. En 
revanche,, la variété technologique a progressé dans plusieurs familie technologiques qui sont 
toutess caractérisées par des combinaisons spécifiques de trois dimensions 
techniquess principales. Les trois courbes croissantes de la figure R-9-1 sont les paires «type 
dee moteur » - « nombre de moteurs », «type de moteur » - «type d'aile » et « nombre de 
moteurss » - «type d'aile ». 

Danss Ie Chapitre 6, l'évolution technique des avions dans 1'espace de design est reliée 
auxx differentiations fonctionnelles dans 1'espace fonctionnel. En utilisant la mesure de variété 
dee Weitzman (1992) appliquée aux distances euclidiennes entre les paires de modèles 
d'avion,, il apparaït que les distances fonctionnelles entre les avions s'accroissent dans Ie 
temps.. Done, la differentiation technologique en plusieurs families de produits est reliée aux 
differentiationss fonctionnelles grace auxquelles des families différentes se sont adaptées a des 
groupess de consommateurs différents (avion d'affaire, avion civil moyen courrier, avion civil 
longg courrier, avion militaire, bombardier, chasseur). La conclusion principale de cette 
analysee est que Ie modèle du cycle de vie ne s'applique que lorsque la possibilité d'agrandir 
Iee marché par la creation de nouvelles niches est limitée (Saviotti 1996). Tel est Ie cas du 
marchéé des hélicoptères, oü la creation de nouvelles niches est limitée en raison de 
1'existencee d'avions « bas de gamme ». Tel n'est pas Ie cas pour Ie marché des avions. 

""  Comparez 1'étude par Almeida (1999) sur l'évolution technolgoiques des moteurs électriques. 

308 8 



5.00 0 0 

19000 191 0 192 0 193 0 194 0 195 0 196 0 197 0 198 0 

Year r 

Figuree R-8-1: Entropie (au-dessus) et information mutuelle (au-dessous) avions 
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Figuree R-8-2 : Entropie (au-dessus) et information mutuelle (au-dessous) hélicoptères 

4.0000 -

__ 3.500 

ST T 

SS 3.000 

HH 2.500 -

§§ 2.000 -

1.5000 -

1.000 0 

0.5000 -

309 9 



0.00 0 0 
19000 191 0 192 0 193 0 194 0 195 0 196 0 197 0 198 0 

Year r 

Figuree R-9-1: Information mutuelle bi-dimensionelle avions 
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Figuree R-9-2: Information mutuelle bi-dimensionelle hélicoptères 
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Danss Ie Chapitre 6, nous analysons également 1'évolution de la variété des deux-roues 
motoriséss et des ordinateurs. Ces analyses montrent que dans Ie cas des deux-roues motorisés 
unee differentiation a eu lieu, mais moins prononcée comme dans Ie cas des avions. Il faut 
noterr de plus que Ie nombre de données sur les deux-roues motorisés était tres bas (quatre-
vingts).. L'évolution de la variété des ordinateurs tend vers un design dominant même si les 
possibilitéss d'agrandir Ie marché par la creation de nouvelles niches ne sont pas limitées. Ce 
résultatt est peut-être dü au fait que 1'utilisation des ordinateurs beneficie beaucoup plus de la 
standardisationn que les autres technologies, en raison de fortes externalités de réseau. 

Lee Chapitre 7 concerne la question de la dynamique d'innovation Ie long d'une 
trajectoiree technologique. Dans cette étude, nous avons développé une mesure d'échelle qui 
permett d'indiquer le degré de standardisation des designs. Cette mesure était appliquée aux 
donnéess des avions civils (un sous-ensemble des données sur les avions). Dans ce segment du 
marchéé de 1'aviation, la mesure fait ressortir deux trajectoires technologiques. La première 
concernee les avions a helices (années quarante et cinquante) et la seconde les avions a 
reactionn (années quatre-vingt et quatre-vingt-dix). 

Danss le Chapitre 8, la differentiation technologique et fonctionnelle sur le marché des 
avionss est reliée a l'évolution des systèmes nationaux d'innovation dans le domaine de 
1'aviation.. Le concept de « système national d'innovation » est basé sur 1'idée que les modes 
d'apprentissagee sont différents d'un pays a 1'autre. En particulier, le mode d'apprentisage 
interactiff  entre les producteurs et les utilisateurs d'une technologie est un element explicatif 
tress important de la specialisation et du succes des pays différents (Lundvall 1988). En 
utilisantt la mesure d'information mutuelle sur les distribution des frequences technique-
marché-pays,, nous montrons que les pays se spécialisent de plus en plus dans le temps, tant 
duu point de vue des technologies (producteurs) que des marches d'application (utilisateurs). 
Cess résultats semblent indiquer 1'existence d'un processus d'apprentissage qui crée une 
specialisationn forte entre les pays. 

312 2 



CHAPITREE 9 

Lee dernier chapitre discute les pistes de recherche qui peuvent être élaborées pour Ie futur. 
Cess pistes sont divisées en deux categories : pistes de recherche théoriques et pistes de 
recherchee empiriques. Le résumé suivant est une selection de pistes proposées dans la these. 

Futuress pistes de recherche théoriques 

Lee modèle NK développé par Kauffman (1993) et generalise dans cette these peut être 
introduitt comme un « module » dans des modèles existants. Par exemple, 1'approche NK peut 
êtree utilisée dans le modèle original de Nelson et Winter (1982) et Winter (1984) sur le 
concurrencee Schumpeterienne entre firmes pour modéliser 1'activité de recherche dans 
1'espacee de design. 

Lee modèle NK foumit également un appareillage formel pour modéliser 
1'organisationn de la firme en terme de centralisation et decentralisation (Page 1996 ; Marengo 
ett al. 2000 ; Frenken 2001). Une centralisation parfaite dans le modèle signifie que chaque 
modificationn d'un composant n est évaluée au niveau de la valeur d'adaptation d'ensemble 
W,, c'est-a-dire au niveau de la firme. Au contraire, une decentralisation parfait dans le 
modèlee NK signifie que chaque modification d'un composant n dans la firme est évaluée au 
niveauu du composant lui-même, par la valeur d'adaptation wn. Entre ces deux archetypes 
d'organisation,, il existe un continuum de formes d'organisation possibles (Frenken 2001). 

Futuress pistes de recherche empiriques 

Enn premier lieu, il est tres important, du point du vue de la verification, que la methodologie 
d'entropiee et d'information mutuelle soit appliquée aux donnés des autres technologies. La 
thesee était en effet limitée a quatre technologies, au-dela desquelles il n'est pas possible de 
généraliserr les résultats empiriques. L'intérêt de la partie empirique était de développer une 
approchee compatible avec 1'approche NK et applicable aux données des autres technologies. 
Enn principe, il est possible d'analyser n'importe quelle technologie comme une chaïne dans 
unn espace a N dimensions. 

Enn second lieu, 1'analyse de la variété est également un sujet important au niveau 
macro-économique.. Selon la theorie de Pasinetti (1983, 1991), la croissance économique et 
Fabsencee de chömage structurel dependent de la creation de nouveaux produits. Sans la 
creationn de nouveaux produits, le chómage augmente, en raison des effets de Fintroduction 
d'innovationn de procédés dans la production de produits existants. Cette theorie est tres 
différentee des modèles de croissance néoclassiques qui ne traitent pas des effets quantitatifs et 
qualitatifss de la creation de nouveaux produits (Saviotti 1996). Les mesures de variété 
technologiquee et fonctionnelle utilisées dans cette these (entropie, Weitzman) permettent 
analyserr 1'importance de la variété au niveau macro-économique, dans une appoche 
empiriquee quantitative. Par exemple, les variables macro-économiques comme le produit 
nationall  brut et le niveau de chömage peuvent être expliquées en estimant des equations 
économétriquess dans lesquelles 1'indice de variété est inclus comme variable exogene. 

Koenn Frenken 
Amsterdam,, Septembre 2001 
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Abstractt  in Dutch 

Vanaff  de jaren vijfti g is duidelijk geworden dat de economische groei in Westerse landen met 
namee veroorzaakt is door technologische ontwikkeling en slechts voor een klein deel door de 
toenamee van de inzet van arbeid, kapitaal en andere productiefactoren. Het heeft evenwel 
langg geduurd voordat het onderwerp van technologische ontwikkeling een volwaardige plaats 
kreegg in de economische theorievorming. Pas in de jaren tachtig is de mate van 
technologischee ontwikkeling als endogene variabele in groeimodellen opgenomen in plaats 
vann als exogene variabele. 

Hoewell  de aandacht voor technologische ontwikkeling in de economische theorie 
recentelijkk is toegenomen is de gehanteerde definitie van technologie nog steeds gebaseerd op 
diee van de neoklassieke theorie van productie zoals ontwikkeld in de eerste helft van de 20e 
eeuw.. Daarin wordt technologie gemodelleerd als een coördinaat in de ruimte van 
productiefactoren.. Met andere worden, een technologie wordt per definitie als 
productietechnologiee opgevat en deze wordt louter beschreven in termen van de combinatie 
vann productiefactoren die benodigd zijn om een bepaald economisch goed te kunnen 
voortbrengen.. De keuze van bedrijven voor de ene of andere technologie kan dan worden 
afgeleidd als een kostenminimalisatie probleem. Afhankelijk van de prijzen van 
productiefactorenn wordt die technologie gekozen die de totale kosten minimaliseert. 

Hett kostenminimalisatie model is later uitgebreid door Atkinson en Stiglitz (1969) 
mett verwachtingen ten aanzien van de toekomstige technologische ontwikkeling. In dat geval 
kiestt een bedrijf de technologie die de kosten minimaliseert met inachtneming van verwachte 
snelheidd van technologische ontwikkeling die per technologie verschillend kan zijn. Een 
belangrijkee veronderstelling die hierbij gemaakt wordt is dat bedrijven in staat zijn de juiste 
voorspellingg te kunnen maken omtrent het potentieel van de toekomstige ontwikkeling in elke 
beschikbaree technologie. 

Niett alle economen volgden de neoklassieke theorie waarin bedrijven worden 
verondersteldd een optimale keuze te kunnen maken tussen verschillende technologische 
opties.. Economen als Schumpeter (1934, 1942), Rosenberg (1969) en David (1975, 1985) 
hieldenn zich op een historische wijze bezig met de bestudering van technologische 
ontwikkeling.. Hun vertrekpunt verschilt in belangrijke opzichten van de veronderstellingen 
diee centraal staan in neoklassieke theorie. In plaats van bedrijven op te vatten als kosten 
minimaliserendee agenten die beschikken over de juiste informatie aangaande de toekomstige 
ontwikkelingg van de verschillende technologische opties, veronderstellen zij dat bedrijven 
eenn "begrensde rationaliteit" kennen a la Simon (1955), en dientengevolge niet altijd in staat 
zijnn hun kosten te minimaliseren en hun winsten te maximaliseren. 

Dee veronderstelling van begrensde rationaliteit is eind jaren zeventig overgenomen 
doorr "evolutionaire economen" die in navolging van Schumpeter de economie opvatten als 
eenn evoluerend systeem waarin continu vernieuwingen worden geïntroduceerd in de vorm 
vann innovaties (Nelson en Winter 1982; Dosi e.a. 1988). Deze vernieuwingen betreffen niet 
alleenn niet procesinnovaties in productietechnieken, maar ook productinnovaties en 
organisatorischee innovaties. 

Eenn belangrijke verklaring waarom bedrijven moeilijk kunnen inschatten wat de 
omvangg van toekomstige ontwikkeling zal zijn in verschillende technische opties, is dat de 
effectenn van veranderingen in technologie niet goed te voorspellen zijn. Technologische 
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artefactenn zijn complexe gehelen. Zij bestaan uit veel componenten die in hun functioneren 
afhankelijkk zijn van elkaar. Een verandering in één onderdeel van een technologisch artefact 
zall  dus gevolgen hebben voor andere onderdelen in het systeem. 

InIn dit proefschrift staat de vraag centraal hoe men technologische ontwikkeling in een 
modell  kan weergeven wanneer technologische artefacten worden opgevat als complexe 
systemenn waarin de onderdelen in samenhang functioneren en derhalve moeilijk 
geoptimaliseerdd kunnen worden. Hierbij wordt productinnovatie in complexe artefacten als 
uitgangspuntt genomen, maar wordt tevens aangegeven in hoeverre het model zijn toepassing 
kann vinden in analyses van procesinnovatie en organisatorische innovatie. De belangrijkste 
bijdragee van het proefschrift is de voorgestelde synthese tussen complexiteitstheorie, 
entropiestatitiekk en data over productkarakteristieken. 

Hett model van complexe technologische systemen dat in dit proefschrift is ontwikkeld, kent 
zijnn oorsprong in de biologische evolutietheorie. Het model is ontwikkeld door Kauffman 
(1993)) die het de naam NK-model gaf. Het NK-model is gegeneraliseerd door Altenberg 
(1997)) voor wat betreft systemen waarin het aantal functionele eigenschappen niet per se 
gelijkk is aan het aantal elementen, en door de auteur voor wat betreft heterogene selectie-
omgevingenn (het bestaan van verschillende gebruikersgroepen die de functies van een 
technologiee verschillend waarderen). 

Zoalss een organisme kan worden opgevat als een set van genen en een set van 
functionelee eigenschappen kan een ontwerp van een artefact worden opgevat als een set van 
"genotypische""  en "fenotypische" variabelen (Saviotti and Metcalfe 1984). De formele 
overeenkomstt tussen organismen en artefacten met betrekking tot hun beschrijving is ook 
onderkendd door Kauffman and Macready (1995). Let wel, de wijze van reproductie van een 
organismee en het proces van overerving is geheel anders bij organismen en artefacten. 

Inn het gegeneraliseerde NK-model wordt een "organisme" beschreven door twee sets 
vann variabelen. Ten eerste wordt het genotype van een organisme beschreven als een binaire 
stringg die de toestand van een N aantal genen aanduidt. De genetische mogelijkhedenruimte 
heeftt derhalve een omvang van 2N combinaties. Ten tweede wordt het fenotype beschreven 
doorr een F aantal functionele eigenschappen die worden uitgedrukt in termen van fitness 
waardenn tussen 0.00 en 1.00. 

Inn de context van een complex technologisch artefact betreft het genotype van een 
artefactt de componenten van het systeem - of algemener gezegd de technische dimensies -, en 
hett fenotype betreft de set van functionele eigenschappen op basis waarvan gebruikers een 
keuzee maken. Complexiteit in het artefact kan worden weergegeven in een matrix van N 
technischee dimensies en F functionele eigenschappen. Deze vorm van complexiteit betekent 
datt elke verandering in een technische dimensie veranderingen teweeg brengt in meerdere 
functionelee eigenschappen, en dat elke functionele eigenschap wordt bepaald door keuzen in 
meerderee technische dimensies. Deze complexe relaties tussen technische dimensies en 
functionelee eigenschappen maakt dat doorgaans een bepaalde functie slechts geoptimaliseerd 
kann worden ten koste van andere functies (trade-qffs). 

Hett innovatieproces kan nu op verschillende manieren worden gemodelleerd. Eén 
mogelijkee zoekstrategie die ingenieurs kunnen volgen is triaUand-error. Deze zoekstrategie 
iss myopisch in de zin dat de strategie gebaseerd is op het evalueren van een verandering in 
slechtss één technische dimensie (bijv. de introductie van een nieuwe motor in een vliegtuig). 
Wanneerr deze verandering een verbetering betekent in de kwaliteit van de technologie zoals 
uitgedruktt door een preferentiefunctie van gebruikers, wordt de verandering geaccepteerd en 
zoektt men verder in het nieuwe ontwerp. Wanneer de verandering een verslechtering van 
kwaliteitt tot gevolg heeft dan wordt de verandering niet geaccepteerd en probeert men 
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vervolgenss in het oude ontwerp een verandering in een andere dimensie. Zoals reeds 
opgemerktt door Simon (1969) heeft deze strategie belangrijke overeenkomsten met het 
process van natuurlijke selectie in de biologie. Veranderingen in organismen zijn immers ook 
myopischh in de zin dat mutatie in één gen plaatsvindt en dat deze mutatie zich verspreidt in 
dee populatie van organismen wanneer het geheel van functionele eigenschappen (fitness) 
doorr de mutatie verbeterd is. 

Alss men de fitness waarden van de verschillende ontwerpen opvat als een landschap, 
dann kan het zoekproces metaforisch worden beschreven als het beklimmen van een berg (hitt-
climbing).climbing). Het proces van irial-and-error kan dus doorgaan totdat een ontwerp is gevonden 
waarvoorr geldt dat elke verandering in één dimensie louter verslechteringen teweeg brengt in 
dee kwaliteit. Op dat moment bevindt een ontwerper zich op een bergtop oftewel een lokaal 
optimum.. Er is geen enkele zekerheid dat het lokale optimum dat gevonden wordt, ook het 
globalee optimum is aangezien andere "toppen" in het landschap onzichtbaar blijven. 

Inn tegenstelling tot biologische evolutie waarin mutaties zich beperken tot een 
veranderingg in één enkele gen, kunnen ontwerpers zich bedienen van vele andere 
zoekstrategieën.. Een belangrijke onderzoeksvraag die in het proefschrift verder wordt 
uitgewerktt is derhalve welke zoekstrategie gepast is afhankelijk van de complexiteit van een 
systeemm en de wensen van gebruikers. 

Tweee alternatieve zoekstrategieën worden vervolgens behandeld. De ene strategie 
kenmerktt zich door zoekgedrag in ontwerpruimte (design space search) en de andere 
strategiee door zoekgedrag in functionele ruimte (function space search). Zoeken in 
ontwerpruimtee kan door middel van mutaties in één of meerdere dimensies tegelijk. De vraag 
wordtt dan hoe het optimale aantal dimensies waarin tegelijk gezocht wordt, kan worden 
bepaald.. Dit optimale aantal hangt af van de mate van decompositie van een systeem. Hoe 
groterr de mate waarin een systeem kan opgedeeld worden in onafhankelijke subsystemen, des 
tee kleiner het aantal dimensies waarin tegelijk hoeft worden gezocht. 

Daarnaastt kan men ook spreken van quasi-decompositie van een systeem wanneer een 
systeemm in strikte zin niet kan worden opgedeeld in onafhankelijke subsystemen, maar wel in 
quasi-onafhankelijkee subsystemen (Simon 1969). Over het algemeen geldt dat zelfs wanneer 
eenn systeem met precies op te delen is in subsystemen, het opdelen toch zinvol is om zoektijd 
tee besparen. De tijdsbesparing gaat evenwel ten koste van de uiteindelijke kwaliteit van het 
ontwerp.. Een simulatie in het proefschrift laat zien dat de optimale zoekstrategie is er één die 
niett gericht is op het vinden van het optimale ontwerp maar één die gericht is op het vinden 
vann een ontwerp met een redelijke kwaliteit in relatief korte tijd. 

InIn tegenstelling tot zoekgedrag in ontwerpruimte start het zoeken in functieruimte 
expliciett vanuit de preferenties van een bepaalde gebruikersgroep ten aanzien van de functies 
diee een artefact vervult. Een dergelijke strategie vereist dus een goede communicatie tussen 
ontwerperss en gebruikers (een type interactie die geen equivalent kent in biologische 
evolutie).. De preferenties ten aanzien van de verschillende functies kunnen worden 
gerangschiktt van meest belangrijk tot minst belangrijk. Zoekactiviteit in functieruimte start 
vervolgenss in die dimensies die invloed hebben op de belangrijkste functie. Wanneer deze 
functiee is geoptimaliseerd vervolgt het zoeken in die dimensies die de op één na belangrijkste 
functiee beïnvloeden met uitsluiting van de dimensies die reeds zijn vastgesteld in het 
optimalisatieprocess van de meest belangrijke functie, et cetera. 

Naa de formele uiteenzetting van verschillende zoekstrategieën in hoofdstukken 2 en 3 
gaatt de verhandeling verder met een bespreking van eerdere empirische studies van 
technologischee ontwikkeling in hoofdstuk 4. De patronen van technologische ontwikkeling 
diee uit deze studies naar voren zijn gekomen kunnen nu worden geduid aan de hand van het 
formelee model van innovatie in complexe systemen. 
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Hett belangrijkste inzicht uit de eerdere empirische studies is dat veel producten een 
"levenscyclus""  kennen die gekenmerkt wordt door een initiële fase van experimenteren met 
verschillendee productontwerpen. In de hierop volgende fase ontstaat een competitieproces 
tussenn verschillende ontwerpen. Hierbij spelen toenemende meeropbrengsten van adoptie een 
grotee rol (Arthur 1989) hetgeen leidt tot een lock-in in een "dominant ontwerp" (Utterback en 
Abernathyy 1978), ook wel een "technologisch paradigma" genoemd (Dosi 1982). Dit 
dominantee ontwerp legt zich op als standaard aan de industrie (bijv. de metalen benzine-auto 
zoalss ontwikkeld aan het begin van de 20e eeuw of de WinTel standaard in computers aan het 
eindee van de 20e eeuw). De standaardisatie van productontwerp maakt vervolgens 
grootschaligee procesinnovaties aantrekkelijk die leiden tot geautomatiseerde 
productieprocessenn en grote dalingen in kosten en verkoopprijs. De schaalvergroting die 
hiermeee gepaard gaat leidt tot een zg. shake-out in de industrie. Veel bedrijven zijn 
gedwongenn de industrie te verlaten en een oligopolistische marktvorm is het gevolg. 

Hett ontstaan van een dominant ontwerp kan nu begrepen worden uit het 
generaliseerdee NK-model van innovatie in complexe technologische systemen. Technische 
dimensiess in systemen verschillen van elkaar in het aantal functies waarop deze betrekking 
hebben.. Doorgaans kent een systeem enkele "kerncomponenten" die van invloed zijn op vele 
functiess en vele "perifere componenten" die slechts van invloed zijn op één of enkele 
functies.. Uit het model van complexe systemen kan worden afgeleid dat een mutatie in een 
kerncomponentt een lage kans van slagen heeft aangezien de positieve effecten van de mutatie 
opp sommige functies doorgaans teniet worden gedaan door de negatieve effecten op andere 
functies.. Derhalve zullen ontwerpers, wanneer ze eenmaal gekozen voor bepaalde 
oplossingenn voor kerncomponenten, hun aandacht richten op perifere componenten om het 
dominantee ontwerp verdere te verbeteren. Overheidsbeleid dat alleen middels prijsbeleid 
trachtt om ontwerpers te bewegen tot substitutie van kerncomponenten (zoals de substitutie 
vann fossiele brandstoffen door duurzame energiebronnen) heeft derhalve weinig effect. Een 
hogeree prijs kan teniet worden gedaan door zoeken in fucntieruimte: door middel van 
gerichtee innovaties in perifere elementen kunnen specifieke functies van het bestaande 
paradigmaa verder worden verbeterd. 

Dee invariantie van de kerncomponenten duidt de aard van het "dominante ontwerp" of 
hethet "technologisch paradigma" aan. Hiermee hebben deze begrippen een formele betekenis 
gekregenn daar waar deze begrippen tot dusver alleen een empirische lading hadden. Merk op 
datt de kerncomponenten van een technologie soms aan verandering onderhevig zijn. 
Wanneerr een verandering van een kerncomponent zich met succes verspreidt in de markt 
spreektt men dan ook van een verandering van paradigma en van een technologische 
revolutie.. Voorbeelden hiervan is de introductie van stoomschepen die geleidelijk 
zeilschepenn hebben vervangen en de introductie van straalmotoren in gevechtsvliegtuigen die 
geleidelijkk de propellermotor hebben vervangen. 

Hett empirische gedeelte van het proefschrift betreft een viertal studies waarvan een drietal 
reedss is gepubliceerd (Frenken e.a. 1999; Frenken en Leydesdorff 2000; Frenken 2000). In 
dezee studies staan twee vragen voorop. Op welke wijze kan het ontstaan en verdwijnen van 
technologischee paradigma empirisch worden aangetoond ? En, kunnen we bewijs vinden van 
technologischee paradigma's in gegevens over ontwerpen van een viertal artefacten 
(vliegtuigen,, helicopters, motoren, en computers) ? 

Dee eerste vraag is een methodologische vraag. De methodologie die in het proefschrift 
gebruiktt wordt, is gebaseerd op entropiestatistiek zoals ontwikkeld door Theil (1967, 1972). 
Mett deze statistiek kunnen veranderingen in frequentieverdelingen in multi-dimensionale 
mogelijkhedenruimtenn van artefacten gekarakteriseerd worden. Entropie is een index van 
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wanordee of variëteit in een frequentieverdeling. In het hypothetische geval waarin alle 
ontwerperss blindelings een ontwerp zouden kiezen zonder enige vorm van evaluatie, hebben 
allee mogelijk ontwerpen in de mogelijkhedenruimte dezelfde kans op de markt gebracht te 
worden.. In dat geval is er sprake van maximale entropie (variëteit). In een ander, minder 
hypothetischh geval, waarin alle ontwerpers hetzelfde ontwerp zouden verkiezen, is er één 
ontwerpp dat volledig domineert en is er sprake van minimale entropie (variëteit). In dat geval 
kann men spreken van een volledig dominerend technologisch paradigma. Tevens kunnen 
anderee berekeningen gemaakt worden aan de hand van entopiestatistiek zoals de mate van 
afhankelijkheidd tussen technische dimensies waarmee de complexiteit in het systeem 
gelokaliseerdd kan worden, en de mate waarin bedrijven zich specialiseren in een 
deelverzamelingg van ontwerpen. 

Dee resultaten van de empirische analyse zijn niet eenduidig hetgeen belangrijke 
vervolgvragenn oproept. De evolutie van de helicopter technologie komt precies overeen met 
dee voorspellingen dat een "technologisch paradigma" ontstaat en er een shake-out van 
bedrijvenn plaatsvindt. In het geval van de vliegtuigmarkt is er slechts korte tijd sprake 
geweestt van een aanstaand technologisch paradigma in de jaren dertig en veertig. Deze 
tendentiee werd snel onderbroken door de succesvolle introductie van andere ontwerpen. Een 
interessantee observatie is dat de shake-out van bedrijven in de vliegtuigmarkt wél heeft plaats 
gevondenn (rond 1940). Deze observatie duidt erop dat shake-out fenomenen niet per se één-
op-éénn overeenkomen met het ontstaan van een technologisch paradigma. 

Eenn verklaring voor het uitblijven van een technologisch paradigma in de 
vliegtuigmarktt wordt gegeven door Frenken e.a. (1999) die menen dat de mogelijkheden tot 
dee creatie van nieuwe niches ertoe heeft bijgedragen dat alternatieve ontwerpen naast elkaar 
blevenn bestaan. De vliegtuigmarkt is dan ook een voorbeeld van een markt met een sterk 
heterogenee selectie-omgeving zoals gemodelleerd kan worden in het generaliseerde NK-
model.. In de studie naar de vliegtuigmarkt door Frenken (2000) is tevens gekeken naar de 
specialisatiepatronenn van verschillende landen in verschillende technologische ontwerpen en 
dee markttoepassingen ervan. De mate van specialisatie bleek sterk toegenomen te zijn na 
19400 hetgeen duidt op lokale leerprocessen tussen producenten, afnemers en nationale 
overheden,, die op deze manier de technologische variëteit in stand houden. 

Hett proefschrift sluit af met een reeks van theoretische en empirische vervolgvragen. De 
theoretischee vragen zijn gebaseerd op de vele andere mogelijkheden die het raamwerk van 
hett gegeneraliseerde NK-model biedt om innovatieprocessen te modelleren. Een belangrijke 
vervolgvraagg is in welke mate het innovatieproces gedecentraliseerd kan worden zodat de 
kosten-- en tijdsvoordelen van arbeidsdeling tijdens het innovatieproces benut kunnen worden. 
Inn het ontwerpen van complexe systemen heeft decentralisatie evenwel ook belangrijke 
nadelenn aangezien de coördinatie tussen de verschillende onderdelen van het systeem 
moeilijkerr te realiseren is. Alternatieve organisatievormen waarin een zekere mate van 
coördinatiee wordt gecombineerd met een zekere mate van arbeidsdeling kunnen tevens 
wordenn gemodelleerd in het NK-model. Een voorbeeld hiervan is de organisatie van het 
innovatieprocess in netwerken zoals de auteur recentelijk heeft laten zien (Frenken 2001). 

Hett empirisch onderzoek kan op minstens twee manieren worden voortgezet. Ten 
eerstee is er behoefte aan entropie analyses van andere technologische artefacten. Aangezien 
inn deze studie slechts vier artefacten zijn onderzocht, kunnen de uitkomsten niet 
gegeneraliseerdd worden. Onderzoek naar de kwantitatieve geschiedenis van andere artefacten 
inn termen van variëteit zal meer licht kunnen werpen op de algemene patronen van 
technologischee evolutie. Aangezien gegevens over artefacten niet automatisch beschikbaar 
zijnn via statistiek bureaus verdient de dataverzameling extra aandacht. 
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Eenn tweede manier om het empirische programma voort te zetten is door te kijken 
naarr de relatie tussen technologische variëteit en macro-economische variabelen zoals bruto 
nationaall  product, werkloosheid en handelsstromen. Volgens Pasinetti's theorie (1981) en 
Saviottii  (1996) kunnen economische systemen alleen door de creatie van nieuwe producten 
enn diensten voorkomen dat economische groei stagneert en werkloosheid structureel wordt. 
Hett belang van een toetsing van deze theorie is evident, maar vereist wel een nauwkeurige 
dataverzamelingg van veel producten. Wanneer deze gegevens beschikbaar zijn, kan gebruik 
gemaaktt worden van de indices van variëteit zoals ontwikkeld in dit proefschrift. 

Koenn Frenken 

Amsterdam,, september 2001 
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