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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) 
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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 
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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 

121 1 



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. . 
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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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