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Abstract t 

Usingg entropy statistics we analyse scaling patterns in terms of changes in the ratios among product characteristics of 143 
designss in civil aircraft. Two allegedly dominant designs, the piston propeller DC3 and the turbofan Boeing 707, are shown 
too have triggered a scaling trajectory at the level of the respective firms. Along these trajectories different variables have 
beenn scaled at different moments in time: this points to the versatility of a dominant design which allows a firm to react to a 
varietyy of user needs. Scaling at the level of the industry took off only after subsequently reengineered models were 
introduced,, like the piston propeller Douglas DC4 and the turbofan Boeing 767. The two scaling trajectories in civil aircraft 
correspondingg to the piston propeller and the turbofan paradigm can be compared with a single, less pronounced scaling 
trajectoryy in helicopter technology for which we have data during the period 1940-1996. Management and policy 
implicationss can be specified in terms of the phases of codification at the firm and the industry level. © 2000 Elsevier 
Sciencee B.V. All rights reserved. 

Keywords:Keywords: Aircraft; Dominant design; Scaling trajectory; Probabilistic entropy; Competence 

1.. Introductio n 

Utterbackk and Abernathy (1975) proposed the 
conceptt of a product life-cycle to describe technolog-
icall  evolution at the level of an industry. At the start 
off  a product life-cycle, a variety of product designs 
iss being developed. The competition between designs 
iss eventually resolved into a dominant design. Here-
after,, innovation concentrates on process innovation 
andd incremental product innovation given the domi-
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nantt design. Nelson and Winter (1977) and Dosi 
(1982)) described a series of incremental innovations 
withinn a stable design framework as a natural trajec-
toryy or technological trajectory, respectively. Along 
aa trajectory, development is guided and constrained 
byy a set of heuristics which make up a technological 
paradigm.. The trajectory concept can be appreciated 
ass the dynamic analogue of the concept of a domi-
nantt design. 

Nelsonn and Winter (1977; 1982) and Sahal (1981; 
1985)) stressed that trajectories do not only concern 
periodss during which the basic technological princi-
pless remain unchanged, but also a stage of incremen-
tall  scaling of designs. A prime example of a series of 
scaledd models in civil aircraft has been the piston 
propellerr DC-trajectory. The scaling of the engine 

0048-7333/00/$$ - see front matter © 2000 Elsevier Science B.V. All rights reserved. 
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power,, wing span, and fuselage length have led to 
improvementss in speed by a factor of two, and in 
maximumm take-off weight and range by a factor of 
fivefive from the introduction of the DC3 in 1936 to that 
off  the DC7 in 1956 (Miller and Sawers, 1968; 
Jane's,, 1978). 

Thee main heuristic of many technological 
paradigmss concerns the scaling of designs by means 
off  step-by-step improvements. However, specific de-
signn principles function only within a limited range 
off  function levels, outside of which a structural 
redesignn becomes necessary. As Sahal (1985) (p. 62) 
formulatedd it: "(t)he point of departure of the theory 
advancedd here is the well-known observation that 
changee in size of an object beyond a certain point 
requiress changes in its form and structure as well." 
Thus,, technological development within a paradigm 
mustt come to an end at some point in time. This 
expectationn justifies the idea that technological 
paradigmss exhibit life-cycles. 

Forr example, in the case of piston propeller air-
craftt technology, the life-cycle came to an end when 
,itt was understood that the functioning of propellers 
wouldd decrease rapidly as cruising speed approached 
thee speed of sound. Engineers envisaged that further 
scalingg would become increasingly more difficult to 
realisee due to non-linear rises in vibration and heat 
generation.. Constant (1980) introduced in this con-
textt the concept of a presumptive anomaly. In the 
casee of piston propeller technology the presumptive 
anomalyy was circumvented by developing turbopro-
pellers,, rocket, jet, and turbofan engines as alterna-
tivee technologies. The turbofan engine technology 
basedd on jet propulsion would eventually provide the 
basicc technology for a new technological paradigm. 
Similarly,, the quest for down-scaling computers led 
too a series of technological paradigms (vacuum tubes, 
transistors,, integrated circuits). 

AA new paradigm has to compete during its initial 
phasee with the momentum invested in the previous 
technology.. A period of experimentation and recom-
binationn can be expected during which established 
firmss may fall behind and new firms enter the mar-
kett (Anderson and Tushman, 1990). At this point, 
variouss firms follow their own trajectories which 
competee for dominance at the industry level. This 
competitionn process is resolved into a new dominant 
designn which lays down a new set of heuristics. 

However,, market segmentation may cause a bifurca-
tionn of trajectories as different design trajectories 
meett segregated market demands (Teubal, 1979; 
Forayy and Griibler, 1990; Frenken et al., 1999). In 
thee case of civil aircraft, turbofan aircraft with swept 
wingss has become the dominant technology, but 
turbopropellerr aircraft with straight wings is still 
usedd in short-range airline operations. 

Whilee single products can be expected to exhibit a 
life-cyclee at the level of the firm, families of prod-
uctss are expected to exhibit a business cycle at the 
levell  of the industry (Foray and Garrouste, 1991). 
Thee frequencies of these cycles are of different 
orderss of magnitude (Simon, 1969). The method-
ologicall  problem is how to account for developments 
onn both the micro-level and the macro-level. Below, 
wee develop a scaling measure based on information 
theoryy which will enable us to analyse the data at the 
levell  of individual firms, at the industry level, and in 
relationn to each other. 

2.. Methods 

2.1.2.1. Technical and service characteristics 

Statisticall  studies on patterns in technological 
changee during the product life-cycle are based on a 
varietyy of data sources. 2 Following Saviotti and 
Metcalfee (1984), we shall use product characteristics 
too describe and compare product designs. The analy-
siss is based on time-series of product characteristics 
forr 143 civil aircraft used primarily for the trans-
portationn of passengers on a commercial basis (thus, 
cargoo aircraft and business aircraft are excluded). 
Thee data was for a large part available from a 
previouss project (Saviotti and Bowman, 1984), and 
wass extended to the year 1997. Data sources include 
thee encyclopedia of Jane's (1978; 1989; 1998), Chant 

22 These data sources include prices, sales, entry-exit and patent 
dataa (Gort and Klepper, 1982), innovation counts, sales, entry-exit 
andd productivity data (Klepper and Simons, 1997), product char-
acteristics,, sales and entry-exit data (Tushman and Anderson, 
1986;; Anderson and Tushman, 1990), patent data (Malerba and 
Orsenigo,, 1996), and product characteristics (Sahal, 1981, 1985; 
Saviotti,, 1996; Frenken et al., 1999). 
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Tablee 1 
Descriptionn of data on civil aircraft. Number of cases: 143, time 
period:: 1913-1997, scope: all countries (cf. Saviotti and Bowman, 
1984) ) 

Productt  characteristics 

Technical Technical 
(1)) Engine power 
(2)) Wing span 
(3)) Fuselage length 

Service Service 
(4)) Take-off weight 
(5)) Speed 
(6)) Range 

Unitt  of measurement 

Kilowat t t 
Meter r 
Meter r 

Kilogram m 
Kilometerr  per  hour 
Kilometer r 

(1990),, Green and Swanborough (1982). A descrip-
tionn of the characteristics is provided in Table 1. 

Saviottii  and Metcalfe (1984) distinguished be-
tweenn technical and service characteristics of prod-
ucts.. Technical characteristics were defined as vari-
abless that can directly be manipulated by producers 
(e.g.,, engine power). Variables that users take into 
accountt in their purchasing decisions (e.g., speed), 
weree considered as service characteristics. Producers 
attemptt to raise the product's service characteristics 
byy manipulating technical characteristics, while users 
expresss their wants through the formulation of a set 
off  service characteristics and their values. 3 Product 
designss then, can be considered as "interfaces" 
betweenn supply and demand (Simon, 1969). These 
interfacess can be represented in terms of trade-offs 
betweenn technical and service characteristics. Tech-
nologicall  innovations then, can be considered as 
improvementss in these trade-offs. 

Thee process of product design contains an ongo-
ingg search between users and producers for an opti-
mall  match between technical and service specifica-
tions.. In the case of product innovation, uncertainty 
prevailss on the side of both the producer and the user 
(Clark,, 1985; Andersen, 1991). Users are expected to 

Thee characteristic approach to technological innovation can 
bee considered an adaptation of the demand approach by Lancaster 
(1966).. While Lancaster needed only a set of service character-
istics,, an analysis of technological innovation requires a represen-
tationn of the supply side as a set of technical characteristics. See 
also,, Saviotti (1996). 

selectt particular designs on the basis of functions, 
butt new user wants can be envisaged when new 
combinationss of technical characteristics become 
possible.. Therefore, the assumption of a stable mar-
kett environment selecting upon a variation of tech-
niquess solely on the basis of prices, can no longer be 
takenn for granted. For example, the engine power 
neededd to fly an aircraft of a certain size is bounded 
byy technical principles, but its fuel consumption 
bearss on the operating costs taken into account by 
users.. The relative technical and commercial impor-
tancee of engine power is thus at variance over time. 
Thee distinction between technical and service charac-
teristicss is not always easy to apply. The scaling 
measuree as developed below takes into account all 
relationss between characteristics, whether defined as 
aa technical or a service characteristic, thus solving 
thee definition problem without losing its conceptual 
meaning. . 

Scalingg trajectories can be expected when the 
definitionss of and the relationships between various 
characteristicss of a product become stabilised 
("closure").. Innovations aiming at scaling may be 
motivatedd by signals internal to the technology; the 
scalingg in some parts of a technology can generate 
imbalancess in other parts which in turn call for 
adjustmentss (Rosenberg, 1969). During scaling pro-
cesses,, however, the overall design architecture and 
thee set of functions of a technology remain largely 
invariantt over prolonged periods of time. Rather, 
technicall  and service characteristics can then be ex-
pectedd to co-evolve (Windrum and Birchenhall, 
1998).. A quantitative empirical analysis should en-
ablee us to indicate these periods of relative stability. 

2.2.2.2. A dynamic distance measure based on informa-
tiontion theory 

Designss make up the interface between supply 
andd demand as it is expressed in the various trade-offs 
amongg characteristics. Scaling then, is indicated when 
thesee trade-offs remain stable over time. We will 
modell  the trade-offs by using the ratios among all 
sixx characteristics, thus taking into account both the 
relationss among and between technical and service 
characteristics.. Scaling may affect all these ratios. If 
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nonee of the trade-offs is changed, the scaling is not 
innovative. . 

Forr example, for the product characteristics of the 
Douglass DC3 we have: engine power = 1636 kW, 
wingspanwingspan = 28.96, fuselage length = 19.63, take-off 
weightweight = 12701 kg, speed =21r4 km/h, and range 
== 1650 km. The 30 ratios starting from engine 
power/wingspann till range/speed are: 

56.4917127 7 
0.0177017 7 
O.0119988 8 
7.7634474 4 
0.1674817 7 
1.0085575 5 

83.34182377 0.1288088 5.9708029 
1.47529299 0.0022801 0.1056934 
0.67783155 0.0015455 0.0716423 

0.9915152 2 
0.0175515 5 
0.0118970 0 

438.57044200 647.0198675 46.3540146 7.6975758 
9.46132600 13.9582272 0.0215731 
56.97513811 84.0550178 0.1299110 

0.1660606 6 
6.0218978 8 

Thiss set of ratios can be considered as a probabil-
ityy distribution (pit...tp30) by dividing each ratio 
byy the sum of the ratios. In this manner, we obtain a 
probabilisticc representation for each aircraft. 

Inn order to analyse the scaling development in 
subsequentt product designs, one is in need of a 
distancee measure between the representations in terms 
off  probability distributions. Using information the-
ory,, one is able to calculate on the basis of a 
distributionn the expected information content con-
tainedd in the message that the distribution has 
changedd as a next design was introduced on the 
markett using the following formula (Theil, 1969, 
1972): : 

Kl\p)=Kl\p)=  E fc log2( ?,-/ƒ»,) 0) ) 

Thee expected information content of the a posteriori 
distributionn (? , , . .. ,<730) given the a priori distribu-
tionn (/?[,... ,pJ0) can also be considered as an infor-
mation-theoreticall  distance between product designs 
inn terms of scaling. If none of the trade-offs was 
changed,, the probability distribution has remained 
thee same. Compared with the previous product, such 
aa design would be a perfectly scaled version. In that 
case,, every q{ is equal to its corresponding ƒ>,, so 
thatt / vanishes, since log2(l ) = 0. It can be shown 
thatt otherwise I is positive (Theil, 1972, p. 590: the 
messagee that change has occurred is expected to 
containn information or, in other words, a probabilis-
ticc entropy is generated. 

Inn the following, we shall use ƒ as a measure of 
thee degree of scaling between two product designs: 
thethe lower the value of I, the more similar are the 
ratiosratios between two product designs and the more the 
latterlatter design can be considered as a scaled version 
ofof the former design. Note that our approach differs 
fromm that of Sahal (1981; 1985) who used parametric 
testss on scaling constants over long periods of time. 
Wee do not assume that scaling has a unequivocal 
directionn throughout the process of scaling. 

Forr example, if we want to compare the distribu-
tionn of ratio values of the Douglas DC4 with the 
Douglass DC3, we take the DC3 as the a priori 
distributionn (p,,...,p30), and the DC4 as the a 
posteriorii  distribution {qx,... ,q30). As done for the 
DC33 above, one is able to calculate the ratios be-
tweenn the product characteristics of the DC4, and 
dividee these ratios by the sum of ratios to obtain the 
envisagedd representation of the DC4. Using formula 
(1),, we can then calculate the scaling distance be-
tweenn these two product designs, that is, the / 
(DC4IDC3). . 

2.3.2.3. A measure of critical transition 

Thee advantage of the algorithmic approach be-
comess clear when we compare three instances in a 
seriess like the sequence of three products A-B-C. 
Inn a geometrical representation of differences be-
tweenn three products designs in an Euclidean space, 
thee distance between A and C will be smaller than 
thee sum of the distances between A and B and 
betweenn B and C (Theorem of Pythagoras). In con-
trast,, the information-theoretical distance between 
twoo products A and C being l(C\A) is not necessar-
ilyy smaller than the sum of the distance between 
productss A and B being I(B\A) and between prod-
uctss B and C being I(C\B). 

Threee designs A, B, and C, and their respective 
distancess / are depicted in Fig. 1. Design A pre-
cedess B, and B precedes C. Using the dynamic 
informationn measure, it is possible that the sum of 
thee intermediate distances between A and B, and B 
andd C, will be smaller than the distance between A 
andd C. In this case: 

I(B\A)+I(C\B)<I{C\A) I(B\A)+I(C\B)<I{C\A) (2) ) 



K.K. Frenken, L. Leydesdorff/ Research Policy 29 (2000) 331-348 335 

Designn B (t+1) 

Designn A (t)  Design C(t+2) 
I(C\A) I(C\A) 

time e 

Testt  for  critical transition: I(B\A)  + 1(C\B) < I(C\A) 

Fig.. 1. Schematic representation of a product sequence with 
informationall  distances. 

Thiss formulation is equivalent to: 

I(B\A)+I(C\B)-I(C\A)<0I(B\A)+I(C\B)-I(C\A)<0 (3) 

Iff  this inequality is confirmed, the transition from 
designn A to design C via design B can be considered 
aa critical transition. 

Thee inequality enables us to evaluate the function 
off  the intermediary. In the normal case, one expects 
ann intermediate design B in a series A-B-C to 
improvee the prediction of design C in comparison to 
aa previous design A, that is, I(C\B) < I(C\A). In 
thee case of a critical transition, however, the sum of 
thee intermediate informational distances (I(C\B) + 
KB\A))KB\A)) is smaller than the informational distance 
betweenn design A and design C U(C\A). From the 
perspectivee of design C, the "signal" sent by design 
AA was amplified by design B as an auxiliary trans-
mitterr to such an extent that design B "boosts" the 
signall  from A (Leydesdorff, 1992, 1995). Thus, the 
transitionn is critical for the further path of the devel-
opment. . 

Wee use the term "critical transition" rather than 
"path-dependentt transition", because the concept of 
path-dependencyy was defined by Arthur (1989) in 
relationn to the non-ergodic technological develop-
mentt in networks of adopters. We measure historical 
seriess of individual designs (David, 1985; cf. Foray, 
1998),, where a critical transition holds that a single 
designn has reoriented the scaling pattern into a new 
direction.. Below, we apply this measure to se-
quencess in aircraft designs, taking the Douglas DC3 
andd the Boeing 707 as intermediate designs, since 

thesee two designs have been identified as dominant 
designss (e.g., Constant, 1980; Gardiner, 1986b). 

2.4.2.4. Scaling measurement at the level of the industry 

Thee probability distribution of ratios provides us 
withh a unified representation of each product design 
inn the dataset. This enables us to measure scaling 
patternss in a series of product designs. For example, 
wee will analyse below the scaling trajectories in the 
Douglass and Boeing companies. The trajectory no-
tion,, however, also refers to an industry-wide con-
vergencee in scaling patterns. In order to measure 
scalingg trajectories at this level of aggregation, one 
needss to compare each product design with all other 
designss relevant in the competition. 

Althoughh each observation maintains a distance 
fromm all other observations in the dataset, not all 
observationss are relevant for the comparison. We are 
interestedd in the development and competition in 
certainn periods. The population thus has to be deter-
minedd dynamically. The data show that the major 
developmentt cycles of individual firms have been 
thee DC3-MD11 series with an average frequency of 
aa new product each 5.6 years, the Boeing 707-777 
seriess with an average of 6.2 years, and the Fokker 
F-seriess with an average of 8 years. Since pre-war 
productt development cycles were usually consider-
ablyy smaller than post-war cycles, we have simpli-
fiedfied our computations by using a time window of 5 
yearss after the year of introduction. Thus, we com-
paree the design of an aircraft introduced in, say, 
1936,, with all designs introduced during the period 
1937-1941.. However, we have tested our results for 
theirr robustness by changing the time-frame to 10 
yearss (e.g., 1937-1946). This did not affect our 
conclusions. . 

Onn the one hand, a test of scaling at the industry 
levell  needs to take into account the rate of diffusion 
off  the ratios between product characteristics. On the 
otherr hand, the codification of design principles as-
sociatedd with the emergence of a dominant design 
alsoo implies a convergence of particular design prin-
cipless that have been developed in the past (Dosi, 
1982).. Thus, the coming into existence of a scaling 
trajectoryy at the industry level is essentially a two-
sidedd phenomenon. It refers both to the diffusion of 
designn principles, and to the convergence of design 
principles.. These phenomena are different: the diffu-
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sionsion of particular design principles does not neces-
sarilysarily imply convergence of design principles, since 
aa design can be scaled in various different and 
potentiallypotentially divergent directions. For example, some 
aircraftt firms may scale a dominant design with 
respectt to maximum take-off weight, others with 
respectt to speed, and still others with respect to 
range.. Hence, to indicate scaling, one needs to dis-
tinguishh between the diffusion of design principles 
throughh time and the convergence of design princi-
pless that can be observed in retrospect. 

Inn our information-theoretical framework, these 
differentt dynamics call for a change in the a priori 
andd the a posteriori frames of reference. In the case 
off  diffusion of a design through time, the frame of 
referencee is a particular product design as the a priori 
expectationn of future designs. The diffusion of a 
productt design can then be measured by its distance 
// following formula (1) to all the members of the 
technologicall  population as a posteriori events at 
nextt moments in time (Fig. 2a). The average of 
/-valuess is then obtained by dividing the sum of 
/-valuess by the number of comparisons N during the 
respectivee 5 years of observation. This average value 
indicatess the extent to which a design has diffused 
throughoutt the industry. Diffusion here refers to the 
subsequentt scaling of a particular product design, 
andd not the diffusion of an aircraft in terms of its 

sales.. Remember that I{q\p) is an inverse indicator: 
aa low I-value indicates a high degree of diffusion of 
aa product design, while a high I-value indicates a 
lowlow degree of diffusion. 

Thee hypothesis that a scaling trajectory is charac-
terisedd by common heuristics among firms, holds 
thatt ratios between product characteristics will tend 
too converge. The degree of convergence, then, is 
indicatedd by the distances between all the products in 
aa population that preceded a product, when taking 
thee latter as the frame of reference with hindsight 
(Fig.. 2b). Thus, the single design introduced later in 
timee is taken as a yardstick, while the population of 
productss preceding this design during 5 years is 
consideredd the set of events relevant for the evalua-
tion.. Thus, an aircraft introduced in, say, 1936 is 
comparedd with all design introduced during the pe-
riodd 1931-1935. The average of the /-values indi-
catee the degree of convergence, where a low I-value 
indicatesindicates a high degree of convergence and a high 
I-valueI-value indicates a low degree of convergence. 

3.. A stylised history of civil aircraf t 

Beforee turning to the computational results, let us 
brieflyy return to the expectation. We have used the 
civill  aircraft industry since the history of its techno-

(a) ) 

designn (p, p10} at time t 

Populationn at time t+1.. .t+5 (size=N) 

designn (p, pj at time I 

Populationn at time t-1.. .t-5 (size=N) 

Fig.. 2. Schematic representation of diffusion and convergence analysis. 
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logicall  developments is one of the best documented. 
Bothh historians and economists have analysed these 
technologicall  developments in considerable detail 
(Millerr and Sawers, 1968; Constant, 1980; Moweiy 
andd Rosenberg, 1982; Sahal, 1985; Gardiner, 
1986a,b;; Vincenti, 1990; Bilstein, 1996). Although 
thesee studies differ in perspectives and in the levels 
off  their quantitative and qualitative measurements, 
theree is general consensus on the following findings. 

(1)) The early history of civil aircraft, covering 
roughlyy the period between 1920 and 1935, is char-
acterisedd by a large variety of designs and a small 
markett demand. The main bottleneck concerned the 
limitedd range of flight, which rendered the competi-
tivenesss of this technology low compared to the 
servicess of trains and boats. 

(2)) In the 1930s, new product designs in the 
Unitedd States allowed for long-range airline opera-
tionss at reasonable speed levels. As a result, aircraft 
out-competedd trains in terms of speed, comfort, and 
pricee over long distances (e.g., coast-to-coast flights). 
Thee Douglas DC3, an all-metal, monocoque piston 
propellerr monoplane with two engines placed at the 
wings,, is commonly considered as the dominant 
design.. Because of the rapid increase in market 
demandd for cheap air-traffic, learning curves of the 
DCC were particularly steep. The total production of 
thee DC3 was over 10,000 models, including military 
productionn (Jane's, 1978). 

(4)) During the 1950s, market demand in European 
countriess increased rapidly. Some European produc-
erss followed the successful American piston pro-
pellerr aircraft, while other firms used turbopropeller 
aircraftt (e.g., Vickers, Fokker). Early attempts of 
DeHavillandd and Aerospatiale to commercialise jet 
enginee technology in civil aircraft failed. 

(4)) In the late 1950s, a second revolution in civil 
aircraftt design took place as the Boeing company 
successfullyy introduced the Boeing 707, a long-range 
turbofann aircraft that had been redesigned from this 
company'ss bomber line. The introduction of the 
Boeingg 707 was followed by a series of turbofan 
aircraftt labelled the 700-series. In the late 1960s, 
McDonnelll  Douglas and Lockheed succeeded in in-
troducingg long-range turbofan aircraft at competing 
pricee levels. Only a few European and Soviet aircraft 
designerss developed civil turbofans, while others 
focusedd on short-range turbopropeller planes. 

(5)) Finally, during the 1970s and 1980s, turbofan 
technologyy diffused throughout the market for 
mediumm and long-range distance flights. Most re-
cently,, within the segment of short-range aircraft 
whichh has traditionally been covered by turbo-pro-
pellerr aircraft, turbofan technology has also pene-
trated,, rendering the diffusion of this new paradigm 
nearlyy complete (Jane's, 1998). 

Inn summary, two major breakthroughs have taken 
placee which revolutionised the civil aircraft industry. 
Thee advent of the Douglas DC3 in the mid-1930s, 
whichh opened up a mass market and imposed a 
dominantt design in piston propeller aircraft, and the 
introductionn of the Boeing 707 in the late 1950s, 
whichh radically extended payload, speed and range 
capabilitiess using turbofan engine technology and 
sweptt wings. The production and operating costs of 
thesee designs and their subsequent follow-up models 
(thee DC-series and the 700-series, respectively) de-
creasedd rapidly as a result of high sales. Both the 
DC33 and the Boeing 707 are said to have reoriented 
designn principles at the industry-wide level. In the 
remainderr of this article we will focus on the ques-
tionss of whether these two designs have generated 
criticall  transitions, and whether their introduction 
forcedd the industry to follow a common scaling 
trajectory. . 

4.. Critical transitions at the firm level 

4.1.4.1. The Douglas DC3 

Usingg the inequality given in formula (3), product 
sequencess including the Douglas DC3 as the inter-
mediatee design (B in Fig. 1) and the Douglas DC4 
ass the follow-up design (C) were used for testing 
whetherr the DC3 marked a dominant design for the 
Douglass company. As preceding designs (A), we 
selectedd thirteen historically important precursors in-
cludingg the Boeing 247D and Fokker's Trimotor, 
whichh have been identified as the DC3's major 
competitorss at the time (Miller and Sawers, 1968). 
Tablee 2 shows the results of the tests on critical 
transitionss in product sequences that include the DC3 
andd the follow-up DC4 model, as defined in formula 
(3)) above. The negative values indicate critical tran-
sitions,, while positive values indicate non-critical 
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Tablee 2 
Testt for critical transitions in the case of the Douglas DC3 

Productt sequence Country y Valuee (in bits) 

Lockheedd Vega (5B)-DC3-DC4 
Douglass M.4-DC3-DC4 
Northropp Delta-DC3-DC4 
Lockheedd Electra-DC3-DC4 
Fordd Trimotor-DC3-DC4 
Boeingg 247D-DC3-DC4 
Boeingg M.80-DC3-DC4 
Fokkerr F. 10 Trimotor-DC3-DC4 
Armstrongg Whitworth Argosy-DC3-DC4 
Junkerss J.52-DC3-DC4 
Heinkell  HE 111-DC3-DC4 
Potezz 62 (0)-DC3-DC4 
Blochh M.B. 220-DC3-DC4 

US S 
US S 
US S 
US S 
US S 
US S 
US S 
US/Netherlands s 
UK K 
Germany y 
Germany y 
France e 
France e 

-0.0354 4 
-0.0267 7 
-0.0247 7 
-0.0191 1 
-0.0165 5 
-0.0138 8 
-0.0033 3 
-0.0128 8 
++ 0.0034 
-0.0035 5 
++ 0.0018 
-0.0022 2 
++ 0.0057 

transitions.. The results show that the DC3 consti-
tutedd a critical transition with respect to all aircraft 
designss preceding the DC3 within the United States. 
Forr some European aircraft models, the test do not 
indicatee a critical transition. The results show, how-
ever,, that the DC3 has reoriented the design princi-
pless for the Douglas company as compared to previ-
ouss aircraft models within the US market. 

Wee also tested Douglas DC/MD-series which 
succeededd the emergence of the DC3 for critical 
transitions.. These results are listed in Table 3. Ex-
ceptt for DC7-DC8-DC9 sequence, no critical tran-
sitionss have taken place. The DC8 implied a funda-
mentall  reorientation of design principles, since from 
thenn (1967) onwards, Douglas used turbofan engines 
insteadd of piston propeller engines. Obviously, turbo-
fann technology implied a set of new design princi-
pless (including swept wings which allowed for a 

smallerr wing span in relation to fuselage length). The 
ratioss between product characteristics hence were 
organisedd in a new manner and scaled according to 
neww heuristics. In the history of the Douglas com-
pany,, we can thus distinguish a piston propeller and 
aa turbofan trajectory. 

Duringg all other transitions, no reorientation in 
designn principles took place within the series. All 
modelss developed before the DC8 concerned piston 
propellerr aircraft, which all built upon the DC3-de-
sign,, but in different respects. For example, the DC4 
wass a up-scaled version of the DC3, while the DC5 
wass a down-scaled version of the DC3. The DC6 
wass a faster version of the DC4 made possible by its 
pressurisedd cabin which allowed for higher altitudes. 
Thee DC7 was marked by its long range. The models 
developedd after the DC8 concern turbofan aircraft. 
Again,, scaling pursued different directions from the 

Tablee 3 
Testt for critical transitions along the Douglas DC-trajectory 

DC3-DC4-DC5 5 
DC4-DC5-DC6 6 
DC5-DC6-DC7 7 
DC6-DC7-DC8 8 
DC7-DC8-DC9 9 
DC8-DC9-DC10 0 
DC9-DCI0-MD80 0 
DC10-MD80-MD11 1 
MD80-MD11-MD85 5 

++ 0.0290 
++ 0.1710 
++ 0.0136 
++ 0.0037 
-0.0176 6 
++ 0.0251 
++ 0.0463 
++ 0.0407 
++ 0.0284 

Tablee 4 
Testt for critical transitions in the case of the Boeing 707 

Productt sequence 

Lockheedd Constellation-707-727 
Boeingg 377 Stratocruiser-707-727 
Douglass DC7-707-727 
Bristoll  Britannia-707-727 
Dee Havilland Comet-707-727 
Vickerss Viscount-707-727 
Aerospatialee Caravelle-707-727 

Country y 

US S 
US S 
US S 
UK K 
UK K 
UK K 
France e 

Valuee (in bits) 

-0.0305 5 
-0.0297 7 
-0.0180 0 
-0.0187 7 
-0.0157 7 
-0.0093 3 
-0.0083 3 
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DC88 onwards: the DC9, MD 80 and MD 85 are all 
down-scaledd aircraft in all product dimensions. The 
DCC 10 is also smaller than the DC8 but has a higher 
enginee power and maximum take-off weight. Finally, 
thee MD11 is the largest aircraft developed by Mc-
Donnelll  Douglas exceeding all previous aircraft in 
termss of engine power, length, maximum take-off 
weightt and speed. 

Thee results show that along both the piston pro-
pellerr trajectory DC3-DC7 and the turbofan trajec-
toryy DC8-MD85, various characteristics have been 
scaledd at different stages and in different directions. 
Thee (McDonnell) Douglas company could thus react 
too shifting technical problems and market opportuni-
tiess while building on a set of design principles 
whichh only once has undergone a critical change. 
Thiss dynamic can be related to the notion of Rosen-
bergg (1969) on shifting technological imbalances 
alongg a technological trajectory which direct re-
searchh efforts as focusing devices. Furthermore, the 
versatilityy of a dominant design allows a firm to 
meett a variety of user needs by means of scaling the 
designn into different directions. The robust nature of 
aa dominant design is an important source of competi-
tivee advantage over other firms (Clark, 1985). 4 

4.2.4.2. The Boeing 707 

Inn 1957, Boeing introduced the 707 as a new civil 
aircraftt using turbofan engine technology. This air-
craftt has allegedly served as a dominant design for 
thee subsequent 700-series. Using our methodology, 
wee tested product sequences including the Boeing 
7077 as the dominant design (B in Fig. 1) and the 
Boeingg 727 as the follow-up design (C). 5 As preced-
ingg designs (A)t we used the latest developments of 
thatt time in piston propeller aircraft (Boeing 377, 
Douglass DC7, Lockheed Constellation), state-of-the-

Gardinerr  (1986b) (p. 143) distinguishes between robust and 
leanlean designs: " a robust design is one that brings together  several 
neww divergent lines of development to form a new 'composite' 
design,, which is then internally adjusted to form a new 'consoli-
dated''  design, which is then further  developed as a variety of 
'stretched''  design. Lean designs fail at one, two, or  more often all 
threee of these stages". Gardiner  mentions the DC3 and the Boeing 
7077 as examples of robust designs in the history of civil aircraft . 

Thee Boeing 717 has never  been used for  civil services. 

TableS S 
Testt  for  critical transitions along the Boeing 700-trajectory 

707-727-7377 +0.0362 
727-737-7477 +0.0676 
737_747_7577 +0.0349 
747-757-7677 +0.0155 
757-767-7777 -0.0026 

artt models in turboprops (Vickers Viscount, Bristol 
Britannia),, and early jet and turbofan aircraft 
(Aerospatialee Caravelle, DeHavilland Comet). The 
resultss are listed in Table 4. All precursors are found 
too yield critical transitions when compared with the 
Boeingg 707 and its successor the Boeing 727. Again, 
thee results confirm the hypothesis that the allegedly 
dominantt design marked a critical transition for the 
Boeingg company. Contrary to the results for the 
DC3,, we find that the Boeing 707 implied a reorien-
tationn with respect to all precursors considered here, 
irrespectivee of the country of origin. 

Testingg the trajectory development within the 
Boeingg 700-series (Table 5), we found that only the 
mostt recent transition is critical, while all other 
transitionss were found non-critical. The result for the 
mostt recent transition suggests that it was not the 
developmentt of the 707, but the development of the 
7677 that laid the basis for the 777. As was the case in 
Douglass DC3, Boeing's dominant 707 design has 
beenn elaborated in various directions. The 727 and 
thee 737 were down-scaled models using three and 
twoo engines, respectively, instead of the four-engine 
set-upp of the 707. The 747 is a up-scaled wide-body 
versionn with four engines, while the 757, 767 and 
7777 all incorporated two engines. 

5.. Diffusion and convergence at the industry level 

Inn the previous section, we have analysed devel-
opmentss in aircraft design in terms of product se-
quences.. The results indicate that both the DC3 and 
thee Boeing 707 reoriented design principles when 
comparedd with their precursors. The results so far 
suggestt only that the DC3 and the Boeing 707 have 
functionedd as dominant designs at the firm level. 
Thesee designs, however, are not necessarily the dom-
inantt designs that diffused throughout the industry. 
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Thiss question must be analysed in terms of dynamics 
att the level of the entire population of products. 

5.1.5.1. The results on diffusion 

Ass explained in Section 2, one is able to calculate 
ann average value of the expected information content 
forr each product design in relation to relevant suc-
cessivee designs ("diffusion") and in relation to its 
precursorss ("convergence"). As an indicator of the 
ratee of the diffusion of a design, the average /-value 
wass computed for each product with respect to all 
productss introduced during the 5 years after its intro-
duction.. Note again that a product with a low /-value 
referss to a product design which has diffused to a 
largee extent in the sense that its trade-offs have been 
scaledd in succeeding products. A product with a high 
/-valuee has not diffused in the sense that succeeding 
designss have used rather different trade-offs. Note 
alsoo that diffusion here concerns the subsequent scal-
ingg of a particular product design, and is not to be 
confusedd with the diffusion of an aircraft in terms of 
itss sales. 

Thee results on the diffusion values are plotted in 
Fig.. 3. Each point refers to one aircraft model. The 
curvaturee suggests two cycles, each consisting of two 
stages:: an experimentation stage with high /-values 
(thatt is, a low rate of diffusion) and a diffusion stage 
withh low /-values (a high rate of diffusion). These 
resultss correspond to the cyclic dynamic of scaling 
trajectories,, which are associated with particular 
technologicall  paradigms as discussed above (cf. 
Constant,, 1980). 

Duringg the first cycle of piston propeller aircraft 
technology,, the 1942-Douglas DC4 (/ = 0.024) and 
thee 1944-Boeing 377 "Stratocruiser" (/ = 0.028) 
aree among the smallest values indicating their impor-
tancee at the industry population level. Both these 
designss concern four-engined piston propeller air-
craftt that followed upon the two-engine versions of 
thee Douglas DC3 and the competing Boeing 247, 
respectively.. Thus, although the Douglas DC3 is 
widelyy considered to have laid down the dominant 
designn principles, it is the redesigned, four-engine 
versionn that diffused globally throughout the world 
market. . 

ooo 'hf* 
19500 1960 

Yearr of first flight 

Fig.. 3. Diffusion /-values for civil aircraft. 
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Withh respect to the second cycle of aircraft with 
rurbofann engines, the Airbus-line A300-A310-A320 
introducedd during the 1980s is among the lowest 
valuess ( /= 0.046, / = 0.046, / = 0.034, respec-
tively).. These Airbus models were introduced during 
thee 1980s to compete with the Boeing 757 intro-
ducedd in 1982 and the Boeing 767 introduced in 
1981,, which have slightly higher /-values. Also in 
thiss case, we find that although the Boeing 707 
introducedd in 1957 can be considered as a dominant 
designn at the firm level, the global diffusion of this 
designn was based on subsequently redesigned mod-
els. . 

5.2.5.2. The results on convergence 

Ass explained above, the convergence measures 
aree obtained by comparing the entire population of 
aircraftt during a period of 5 years with a single 
designn introduced thereafter, in order to measure the 
extentt to which a new design has followed the 
existingg practice at the industry level. The results are 

plottedd in Fig. 4. A cyclic dynamic similar to the 
previouss figure can be observed reflecting the con-
vergingg to a common scaling heuristics. The curva-
turee is similar to the trends observed in Fig. 3, but 
thee lower bounds and upper bounds of the conver-
gencee values concern different models, as evidenced, 
forr example, by a time-lag of about 15 years between 
thee respective minima. 

Thee first paradigm based on a four-engined piston 
propellerss configuration, emerged in the late 1930s 
whenn convergence values started to decrease. It lasted 
til ll  the mid-1960s. During this period, the lowest 
valuess are those of the 1951-Douglas DC6 ( / = 0.029 
bits),, the 1957-Douglas DC7 (7=0.038 bits). The 
loww convergence values in the 1950s indicate that 
thee scaling trajectory became global in this period. 

Duringg the 1950s, three aircraft models show high 
/-valuess indicating that these designs deviated from 
thee paradigmatic heuristics. These models were: (i) 
thee first French turbofan powered Caravelle, intro-
ducedd in 1955, which could fly over 775 km/h, but 
whichh failed in the market partly because of its poor 
rangee (only 1740 km); (ii) The 1951-DHC3 "Otter", 

mmamimmmjimm mmamimmmjimm 
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19500 1960 
Yearr of first flight t 

Fig.. 4. Convergence /-values for civil aircraft. 
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whichh was the first STOL-aircraft introduced in the 
civill  market by DeHavilland Canada; and (iii ) the 
1955-Convairr CV 440, which was used for very 
shortt distance flights (below 500 km). These three 
modelss can be understood as attempts to find market 
nichesniches outside the trade-off specifications set by the 
prevailingg heuristics. Only the introduction of 
STOL-aircraftt stands for "Short Take-Off and Land-
ingg "-proved a successful strategy as evidenced by 
thee long-standing monopoly of DeHavilland Canada 
inn this particular segment. The monopoly lasted until 
thee introduction of STOL-aircraft by other firms 
duringg the 1970s and 1980s. The success of STOL-
aircraftt is obviously related to the fact that these 
aircraftt can be used on very short take-off and 
landingg strips, whereas a standard aircraft is useless 
inn such an environment. 

Thee second cycle leads to the paradigm of the 
two-enginee turbofan aircraft which emerged in the 
earlyy 1980s and is currently dominant in civil air-
craft.. The 1987-Airbus A320 (/ - 0.052), the 1993-
Fokkerr 70 (7=0.035), and the 1994-McDonnell 
Douglass MD90 ( /= 0.045) are among the designs 
withh the lowest values. Although the first successful 
introductionn of turbofan aircraft goes back to the 
1957-Boeingg 707 which laid the foundation for the 
Boeingg 700-series, it took about 30 years before the 
industryy converged to a common scaling trajectory. 

Inn other words, Boeing has been very successful 
inn partially "monopolising" its design principles 
becausee of high rates of learning-by-doing in the 
large-scalee production. A common scaling pattern at 
thee industry level has only emerged after the Euro-
pean-basedd Airbus penetrated the market. In the 
earlyy 1970s, Boeing's main competitors, McDonnell 
Douglass and Lockheed, focused on three-engined 
modelss in which one engine is integrated into the tail 
off  the aircraft. These models attempted to supply 
servicess similar to the Boeing 700-series, but are 
technicallyy different from Boeing's models. 6 This is 
evidencedd by some high /-values during this period, 
indicatingg that designs deviated from current prac-
tice.. The success of these models was only moderate, 
andd very few other firms followed their example. 

66 Except for the three-engine Boeing 727 (1960). Hereafter 
Boeingg abandoned this design concept. 

Firmss outside the United States focused on specific 
markett segments, such as supersonic speed (1969-
Concorde)) or short-range flights using turboprops 
(e.g.,, 1967-Fokker F28, 1972-Embraer 110). 

Thee delay in the establishment of the second 
technologicall  paradigm can further be explained by 
thee more general observation that the emergence of a 
paradigmm usually takes more time if a new paradigm 
iss competing with an already existing one. Firms that 
havee been successful in the old paradigm will tend to 
buildd upon their existing competencies. Since a new 
technologicall  paradigm includes a new set of design 
principles,, it can be expected to be competence-de-
stroying.stroying. For this reason, the threat of a new paradigm 
tendss to induce innovation in the older paradigm 
(Andersonn and Tushman, 1990). Indeed, some estab-
lishedd firms continued the further development of 
(turbo)propellerr technology during the 1960s and 
thereafter,, including BAe and Fokker. 

6.. Distinguishing types of innovation 

Althoughh the cyclical curvatures in Figs. 3 and 4 
aree similar, the time lag in the minimum and maxi-
mumm values suggests that individual designs have 
oftenn very different diffusion and convergence val-
ues.. In other words, those aircraft that had a strong 
impactt on the industry are not necessarily the ones to 
whichh previous designs have converged, and vice 
versa,, a design to which previous design converged, 
wil ll  not necessarily diffuse throughout the industry. 
Fourr types of designs can then be distinguished in 
termss of their diffusion value (high/low) and con-
vergencee value (high/low). This classification is 
summarisedd in Table 6, including some examples 
drawnn from the results on the civil aircraft industry. 

(1)) Designs in the south-west quadrant are typi-
callyy models that were developed during the heyday 
off  a paradigm. They can be considered as piecemeal 
improvementss along a scaling trajectory. The mod-
elss were typically developed between 1945 and 1960 
inn the case of the first cycle (in particular Douglas' 
DC-series),, and after 1980 during the second 
paradigmm period (Airbus 300-series and McDonnell 
Douglass MD-series). 

(2)) Designs in the north-east quadrant concern 
aircraftt which were initially quite different from their 
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Tablee 6 
Classificationn of product innovation in a diffusion/convergence matrix 

Loww diffusion /-value 
(largee impact on later design) 

Highh diffusion /-value 
(smalll  impact on later designs) 

Highh convergence /-value 
(deviantt from existing designs) 

Loww convergence value 
(followingg existing designs) 

(2)) breakthroughs; e.g., Douglas DC4, 
Boeingg 377, Boeing 767 

(1)) scaling trajectories; e.g., Douglas DC-series, 
McDonnelll  Douglas MD-series, 
Airbuss 300-series 

(3)) failures; e.g., seaplanes, 
biplanes,, supersonic aircraft 

(4)) niche-monopolies; e.g., 
Boeingg 747, STOL-aircraft 

predecessors,, but which were then been copied by 
manyy firms after their introduction. They can be 
consideredd as breakthroughs since these designs were 
originall  when compared with their precursors. These 
designss include the "success stories" of the Douglas 
DC44 and the Boeing 767. 

(3)) The category of designs that is located in the 
north-eastt quadrant differed radically from current 
practicee and did not diffuse throughout the industry. 
Thesee aircraft models can be considered as radical 
innovationss without appeal to other firms {failures). 
Mostt designs in this quadrant were introduced in the 
pre-warr period, including seaplanes (e.g., Handley 
Page),, biplanes (e.g., DeHavilland) and one-engine 
aircraftt (e.g., Northrop Delta, Lockheed Vega). In 
thee post-war period, these designs concern super-
sonicc aircraft which have been introduced in the late 
1960ss (Concorde, Tupolev 144). 

(4)) Finally, product designs in the south-east 
quadrantt have not been too different from their 
precursors,, but did not diffuse thereafter. These mod-
elss concern aircraft that specialized in a niche or 
obtainedd a monopoly within a mass-market. Prime 
exampless of designs that succeeded in occupying a 
nichee are the long-range turbofans (Boeing 747, 
Douglass DC8, Ilyushin IL-86) and DeHavilland 
Canadaa STOL-series. 

7.. Comparison with designs for  helicopters 

Thee same methodology was applied to a database 
containingg 180 helicopters (1940-1996), which was 
availablee from a previous study (Saviotti and Trick-

ett,, 1993) and which we updated to 1996 for present 
purposess using Jane's (1998). The only difference 
betweenn the aircraft and helicopters data is that 
helicopterss are described by the rotor diameter char-
acteristicc (in meters) instead of wingspan characteris-
ticc in the case of aircraft (also in meters). We used 
alll  helicopter types (military and civil) , since littl e 
differentiationn has taken place. The majority of mod-
elss are used for a variety of purposes (Bilstein, 
1996). . 

Thee results for the diffusion and convergence 
valuess of helicopters are plotted in Figs. 5 and 6. 
Thesee results indicate that the technological develop-
mentss have taken place more smoothly than in air-
craftt development. After an initial start-up phase 
duringg WW II, new helicopter models have continu-
ouslyy been introduced, while there is also ongoing 
diffusionn of previous models. No cyclic dynamic can 
bee discerned at the level of the industry which 
indicatess the absence of a pre-paradigmatic and 
paradigmaticc stage in helicopter technology. How-
ever,, some convergence has been taking place from 
thee 1960s onwards, as most helicopters incorporate 
twoo turboshaft engines and a single rotor which can 
bee considered as a slowly emerging dominant design. 
Thee recent fall in /-values may point to an emerging 
scalingg trajectory based on this technology. 

Ass noted, helicopters are used for a variety of 
veryy specific services such as low-altitude fights, 
ambulancee missions, transport of troops, and in off-
shoree activities. Compared to the aircraft industry, 
industryy sales are low. Furthermore, the market posi-
tionn of helicopters has been further impoverished by 
competitionn from STOL-aircraft which have been 
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Yearr of first flight 

Fig.. 5. Diffusion /-values for helicopters. 

19655 1975 
Yearr of first flight 

Fig.. 6. Convergence /-values for helicopters. 
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developedd since the 1950s. This type of aircraft can 
takee off and land using very short runways allowing 
itt to be used in a variety of natural environments, 
whichh has been one of the main advantages of 
helicopterss over other kinds of aircraft. The rela-
tivelyy small number of helicopter sales implies that 
thee impact of learning curves on subsequent techno-
logicall  development is much smaller than it has been 
thee case in the history of aircraft. This may explain 
whyy a sudden diffusion of and convergence to a 
commonn scaling trajectory, as observed twice in the 
civill  aircraft industry, has been absent in the history 
off  helicopters. Rather, technological development in 
helicopterr technology takes place gradually and tends 
too converge only slowly to a common scaling pat-
tern. . 

8.. Reconstruction of firm strategies 

Wee have argued that a dominant design at the 
levell  of the firm does not necessarily function as a 
dominantt design at the level of the industry. In the 
casess of both the DC3 and the Boeing 707 we found 
criticall  transitions, but the industry analysis showed 
thatt these models were not the dominant designs at 
thee level of the industry. The industry was going 
throughh a period of reengineering. The diffusion of a 
dominantt design throughout an industry forces firms 
too choose between following the principles of the 
emergingg dominant design or to continue their own 
designn line (unless a firm itself is at the basis of the 
dominantt design). Given these two dynamics, that is, 
att the level of the firm and at the level of the 
industry,, one can reconstruct each firm's product 
sequencee either as an elaboration of its own produc-
tionn line of designs or as a shift toward elaborating 
onn the dominant design emerging at the industry 
level. . 

Thesee alternative strategies can be tested in the 
twoo cases of competition between Boeing and Dou-
glass using the above model of a critical transition. 
First,, the product sequence that Boeing developed 
duringg the late 1930s after the dominant Douglas 
DC33 had emerged, can be compared with the as-
sumptionn of continuity in the firm's own develop-
ment.. Second, the product sequence which McDon-
nelll  Douglas developed during the 1960s after the 
dominantt Boeing 707 had been introduced, can be 

assessedd in terms of this firm's response to Boeing's 
breakthrough. . 

8.1.8.1. The impact of the DC3 on Boeing's firm se-
quence quence 

Twoo major designs were competing on the Ameri-
cann market in the 1930s: the Boeing 247 developed 
inn 1930 and the Douglas DC3 first put into service in 
1936.. The DC3 outcompeted the Boeing 247, as it 
hadd both a high speed and range level and allowed 
forr the transport of 21-28 passengers, whereas the 
Boeingg had only 10-12 passenger seats. Within 2 
yearss after its introduction, the DC3 was used by the 
majorityy of airliners (Jane's, 1978). Following the 
stunningg success of the DC3, Boeing decided to 
focuss on long-range, four-engine piston propeller 
aircraft.. Boeing developed the 307 Stratoliner in 
19388 and the 377 Stratocruiser of 1944 as successors 
too the Boeing 247. As noted, this design line has 
beenn successful in the competition with the DC-line. 

Thee history of Boeing's product sequence can be 
reconstructedd as either having followed up on the its 
ownn model, that is, the 247, or as in reaction to the 
DC3.. Table 7 lists the values of the test for critical 
transitionss for these two possible lines of reconstruc-
tion.. The first sequence, in which the development of 
thee 307 and the 377 is reconstructed as following up 
onn the Boeing 247D, shows a negative value, which 
indicatess that the Boeing 307 marked a critical tran-
sitionn with respect to Boeing's own design practice. 
Thee new product line 307-377 meant a reorientation 
withh respect to the 247 model. But if the product 
sequencee is reconstructed as a follow-up of the Dou-
glass DC3, the 307 does not exhibit a critical transi-
tion.. In other words, within a time span of only 2 
years,, Boeing's new designs were in line with DC3 
whichh would later become dominant at the industry 
levell  in its redesigned DC4-version. 

Tablee 7 
Reconstructionn of Boeing 307's precursor 

Productt sequence Value (in bits) 

Boeingg 247D-Boeing 307-Boeing 377 -0.0093 
Douglass DC3-Boeing 307-Boeing 377 + 0.0383 
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8.2.8.2. The impact of the Boeing 707 on Douglas' firm 
sequence sequence 

Afterr the successful introduction of the turbofan-
enginee Boeing 707 in 1957, Douglas started in re-
sponsee its own turbo fan line in 1967 with the DC8, 
whichh was followed by the DC9. Again, one is able 
too reconstruct the history of this product sequence as 
heraldedd by a previous design developed within the 
firm,, that is, the Douglas DC7 of 1956, or as follow-
ingg from the Boeing 707. The results for critical 
transitionss of the two reconstructions are listed in 
Tablee 8. Like in the previous case, the results show 
thatt the switch to a new product sequence marked a 
criticall  transition for the firm in question (here, 
Douglas).. However, when the product sequence is 
reconstructedd as a follow-up to the dominant Boeing 
7077 design, the sequence does not show a critical 
transition. . 

Bothh reconstructions show that a reorientation at 
thee level of the firm may be triggered by the emer-
gencee of a dominant design developed by a compet-
ingg firm. This reorientation implies an "unlearning" 
off  design principles incorporated in previous designs, 
andd a re-building of competencies associated with 
thee dominant design. This reorientation is indicated 
byy the critical transitions we found in the trajectory 
off  both firms as a reaction to the success of the 
competitor. . 

Notee the dynamics of the competition in relation 
too our results at the industry level. Companies reori-
entt their designs as a reaction to the success of a 
competitor'ss design. Reengineered designs then dif-
fusee thereafter throughout the industry. In the case of 
thee first piston propeller paradigm these designs 
concernn the DC4 in 1942 and the Boeing 377 in 
1944,, respectively (see Fig. 3). In the second turbo-
fann paradigm, the reengineered two-engine models 
Boeingg 757 and 767 and Airbus 300-310-320 
markedd the industry-wide diffusion of turbofan tech-

Tablee 8 
Reconstructionn of DC8's precursor 

Productt sequence Value {in bits) 

DC7-DC8-DC99 -0.0176 
Boeingg 707-DC8-DC9 + 0.0091 

noo logy in the early 1980s. Importantly, the global 
diffusionn throughout the industry of a common scal-
ingg pattern occurred only after the European com-
petitorss had reorganised themselves within the Air-
buss consortium. 

Thesee examples highlight the notion that the rele-
vantt level of analysis is expected to change during 
thee product life-cycle (Foray and Garrouste, 1991). 
Duringg the emergence of a dominant design, the 
analysiss of individual trajectories reveals the strate-
giess of firms concerned with building up their com-
petencee base. As competing firms are forced to 
re-buildd their competencies so as to profit from the 
learningg externalities associated with the dominant 
design,, a single set of design principles can be 
expectedd to become established at the industry level. 
Att this point, the relevant dynamics shift from indi-
viduall  design trajectories towards an industrial tra-
jectory. . 

9.. Concluding remarks 

Wee have shown how evolutionary concepts can 
bee addressed in an empirical research design by 
usingg methodologies from information calculus. Dy-
namicc distance measures enable us to analyse the 
dataa at the level of individual firms, at the industry 
level,, and in relation to each other. At different 
stagess of development we highlighted different dy-
namicss at different levels of aggregation. Our main 
findingfinding has been that three processes can be distin-
guishedd in both product cycles: (i) the emergence of 
aa leading design, (ii) the diffusion process of the 
scalingg patterns throughout the industry, and (iii ) the 
convergencee of designs within a technological 
paradigmm towards a common scaling trajectory. De-
signss that diffused most were not the ones to which 
thee industry had converged before. We found a time 
lagg of about 15 years between processes of diffusion 
andd convergence in civil aircraft. 

Att the firm level, product design sequences may 
turnn out to be critical in reorienting the relation 
betweenn design variables as each new design changes 
thee probability of which type of design will become 
dominantt within the firm. Once a dominant design is 
establishedd at the firm level, its design principles are 
furtherr codified within the firm through the develop-
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mentt of subsequently scaled designs. We have ob-
servedd critical transitions associated with the leg-
endaryy designs of the DC3 and the Boeing 707. 
Hereafter,, the respective firms were able to scale 
theirr design into different directions showing the 
versatilityy of a dominant design in meeting different 
userr needs. At the industry level, redesigned aircraft 
modelss have diffused to the largest extent 
(DC4/Boeingg 377 and Boeing 767/Airbus 320). 
Hereafter,, as design principles become increasingly 
codifiedd among firms, the industry can be expected 
too converge towards common scaling heuristics which 
makee up a technological paradigm (Cowan and Foray, 
1997).. The implication for strategic management 
holdss that the competition changes in character. The 
diffusionn of and convergence to a dominant set of 
scalingg principles implies that price competition on 
thee basis of scaling takes over from product competi-
tionn (cf. Utterback and Abemathy, 1975). 

Itt is important, in our opinion, to distinguish 
betweenn critical transitions at the micro-level of the 
firmm and the unintended emergence of a paradigm at 
thee level of the industry because the different stages 
off  the development provide us with other policy and 
managementt options. From a consumer welfare per-
spective,, it is crucial to avoid long periods of com-
petingg standards between competing firms or nation-
allyy supported industries. Supranational policy coor-
dinationn can be helpful, since competing designs 
mayy result in state competition. In this light, the 
Airbuss consortium can be considered as a successful 
attemptt to avoid competing dominant designs at the 
Europeann level. At the same time, Airbus contributed 
too the diffusion and further development of 
turbofan-enginee aircraft in the civil market, as pio-
neeredd by Boeing. 

Whenn an industry is fully committed to a techno-
logicall  paradigm, an R&D-focus on presumptive 
anomaliess can be a sensible strategy. Once radical 
neww design principles begin to diffuse, however, 
firmss and policy-makers are faced with the decision 
eitherr to improve upon their existing competencies 
orr to re-build their competencies so as to profit from 
neww insights developed by competitors. The former 
strategyy is less costly, but also less ambitious: stick-
ingg to an old scaling trajectory will usually force one 
too accept only a relatively small niche in the longer 
run.. The other strategy is risky since each firm 

competess by running down its learning curves. How-
ever,, to follow both strategies may imply an incoher-
entt set of competencies which is costly to maintain. 7 

Therefore,, a choice must be made at some point in 
time.. Technology policy should assess both the stage 
off  the product life-cycle in a given sector and the 
ambitionn level of the industry that one wishes to 
support. . 
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