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AA complexity approach to innovation networks. The case of the 
aircraftt industry (1909-1997) 

Koenn Frenken ' 
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Abstract t 

Successfull  innovation depends on complementary competencies in networks of producers, users, and governmental 
bodies.. The effects of complementarities within innovation networks are modeled using Kauffman's AST-model. From the 
model,, the hypothesis is derived that producers, users, and governments self-organize in specialized innovation networks: 
producerss of particular technologies increasingly focus on particular user markets in particular countries. Data on 863 aircraft 
modelss (1909-1997) show these strong specialization patterns in the post-war period. Policy implications are indicated 
emphasizingg the recent rise in transnational collaborations, which can be understood as a means of escaping historical 
specializationn patterns. © 2000 Elsevier Science B.V. All rights reserved. 
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1.. Introduction 

AA nonlinear conception of product innovation 
takess into account the interdependency of different 
contributingg actors. Networks have become under-
stoodd as an important organizational form to coor-
dinatee the efforts of heterogeneous actors without 
restrictingg their individual goals. In this study, inter-
dependenciess among producers, users, and govern-
mentss are modeled as complex innovation networks. 
Wee classify producers according to their technology, 
userss according to market segments, and govern-
mentss according to countries. Each threefold combi-
nationn corresponds to one innovation network. The 

E-mail:: k.frenken@geog.uu.nl 
Currentt Address: Centre for Science and Policy, University of 

Utreacht,, P.O. Box, 80068, 3508TB, Utreacht, The Netherlands. 

interdependenciess within networks render the viabil-
ityy of each producer-user-government combination 
unpredictablee since the functioning of a network 
cannott be aggregated from the qualities of the indi-
viduall  actors. Only when individual actors have 
complementaryy competencies, the network is ex-
pectedd to be viable. 

Thee evolution of complex networks is analyzed 
usingg the NK-model (Kauffman, 1993). Since the 
A(K-approachh to complex systems is a general and 
content-freee model, it serves us as a heuristic device 
too study the implications of the interdependencies 
inn innovation networks. Our thesis is that only in-
novationn networks that correspond to local optima 
aree likely to survive. Local optima concern net-
workss of producers, users and governments with 
complementaryy competencies. Actors can be expec-
tedd to specialize in these local optima, which leads to 
ann increasing differentiation of innovation networks 
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intoo specific techno-economic arrangements at the 
nationall  level. 

Thee model is tested using data on 863 product 
innovationss in the aircraft industry for the period 
1909-1997.. The case of aircraft is illuminating for 
threee reasons. First, the aircraft history provides us 
withh a long-term perspective. Second, the importance 
off  collaboration between producers, users, and gov-
ernmentt has been recognized frequently in aircraft 
innovationn (Mowery and Rosenberg, 1982; Hayward, 
1983,, 1986). Third, the history is well documented 
bothh qualitatively (Miller and Sawers, 1968; Con-
stant,, 1980) and quantitatively (Jane's, 1978, 1989, 
1998).. The results of the empirical analysis show the 
emergencee of many technoeconomic specialization 
patternss across countries in the post-war period. This 
meanss that producers, users, and governments in 
aircraftt technology are increasingly organized in spe-
cificc innovation networks, which remain stable over 
time. . 

Thee model and the results have some interesting 
implications.. Theoretically, "picking winners" is 
impossiblee a priori since complementarities within 
innovationn networks are unpredictable. Therefore, a 
producer-user-governmentt combination that "fits" 
welll  can only be found through experimentation. 
Empirically,, we found that successful innovation 
networkss in small countries are those that specialize 
inn niche markets. In this way, they are able to limit 
pricee competition with networks in large countries 
thatt benefit from economies of scale. Furthermore, 
thee recombination of national competencies within 
transnationall  networks provides countries with an 
enlargedd space of possible innovations. Transnational 
collaborationss like Airbus allow for the exploration 
off  new combinations without necessarily affecting 
thee national patterns of specialization. In the Euro-
peann context, this implies that the further integration 
off  members' technology policies does not preclude 
thee continuation or renewal of programs at the na-
tionall  level. 

Thee paper is organized as follows. After a short 
revieww of evolutionary concepts related to innova-
tion,, a heuristic model of innovation networks is 
proposedd in Section 3 using Kauffman's NK-mode\ 
off  complex systems. In Section 4, we develop an 
empiricall  methodology, which is then used in Sec-
tionn 5 to analyze data on aircraft innovations. In 

Sectionn 6, we discuss the implications of the model 
andd the results for the understanding of transnational 
networks,, and we list the conclusions in Section 7. 

2.. Evolutionary concepts of innovation 

Traditionall  evolutionary models of technological 
changee hold that market selection operates upon a 
variationn of technologies. Firms introducing a tech-
nologyy may be uncertain about its profitability, but 
thee market solves the information problem by select-
ingg the ones with higher profitability. Less efficient 
productionn techniques are substituted for more effi-
cientt production techniques through a process of 
competitionn and imitation among firms (Alchian, 
1950). . 

Moree recently, studies on the role of the market 
environmentt have abandoned the concept of a given 
"natural""  environment selecting upon a variation of 
technologies.. Instead, selection is understood to take 
placee on the basis of user expectations and practices, 
whichh are, in turn, subject to change. As technolo-
giess are implemented in user contexts, new proper-
tiess are recognized by users, which shape their future 
developmentt (Rosenberg, 1982; Von Hippel, 1988). 
Thee extent to which user contexts affect the product 
strategiess of producers depends on the quality of the 
interactionn between users and producers (Lundvall, 
1988). . 

Thee importance of mutual feedback among pro-
ducerss and users also underlies the concept of trajec-
toriestories as a recursive process shaping technological 
development.. Though the trajectory concept started 
outt mainly by referring to the technical aspects of 
innovation,, market feedback has always been recog-
nizedd (Nelson and Winter, 1977; Dosi, 1982). In 
evolutionaryy extensions of this approach, a trajectory 
hass come to be understood as a particular stable fit 
betweenn technological properties and the market en-
vironment.. Differentiation strategies aiming to limit 
pricee competition lead to the bifurcation of a trajec-
toryy into two or more trajectories. Along these trajec-
tories,, R&D concentrates on specific trade-offs to 
improvee products in specific market segments. The 
resultingg specialization patterns of particular tech-
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nologiess in different submarkets resemble the evolu-
tionaryy branching of species into different selection 
environmentss (Saviotti, 1996; Windrum and Birchen-
hall,, 1998; Frenken et al., 1999b). 2 

Thee nature of the interaction between producers 
andd users also depends on mediating institutions that 
favorr the development of particular technologies and 
marketss (Freeman and Perez, 1988; Lundvall, 1988). 
Institutionss "co-evolve" with technologies and mar-
kett environments as Nelson (1994) putss it. For exam-
ple,, the refinement of patent law in the 1870s has 
beenn crucial in the development of the German 
chemicall  industry (Van den Belt and Rip, 1987). 
Fromm an evolutionary perspective, the institutional 
frameworkk can be considered as both a locus of 
variationn and a locus of selection. Institutions and 
policiess enable the creation of new technologies 
whilee they constrain the range of technologies by 
selectingg upon them. Technology policies can thus 
bee aimed at supporting or discouraging the adoption 
off  a particular technology by producers at the supply 
sidee and users at the demand side. Since, as argued 
above,, user and producer strategies are partly inter-
dependent,, effective policies are likely to be mixed 
oness aiming at changing both supply and demand 
conditions. . 

Thee mutual relationships between technological, 
market,, and institutional developments call for a 
three-dimensionall  evolutionary model (cf. Leydes-
dorff,, 1998). The "triple helix" framework attempts 
too model all three loci of variation and selection as 
interrelatedd processes which transform existing rela-
tionss between the techno-scientific, economic, and 
politicall  spheres (Leydesdorff and Etzkowitz, 1996). 
Whilee the triple helix model concentrates on univer-
sity-industry-governmentt relations, it can be taken 
ass a general model of innovation networks contain-

Arthurr (1989) showed that the presence of network externali-
tiess among adopting agents may lead to technological standardiza-
tionn thus leading to the disappearance of branches. However, 
recentt simulation models of local externalities show that compet-
ingg technologies may survive in differentiated markets instead of 
lock-inn into one technology in Arthur's case of global externali-
tiess (Dalle, 1997). 

ingg (at least) a knowledge generator, a user environ-
mentt and a regulatory body. In the following study, 
thesee actors concern producers, users and national 
governments,, respectively. These actors are involved 
inn innovation networks and cooperate in various 
wayss at different stages of the innovation process. 
Forr an innovation to become successful, their com-
petenciespetencies need to be complementary in order to 
supplementt their knowledge bases. 

Thiss approach differs from most institutional ap-
proachess which concentrate on the effects of (na-
tional)) institutions on technological and market de-
velopmentss without analyzing how institutions are 
shapedd by existing technoeconomic arrangements. 
Thee prevailing distribution of technologies and mar-
kets,, however, affects in turn institutional develop-
ments.. A country specializing in military technology 
(e.g.,, France) can be expected to develop institutions 
differentt from those in a country specializing in, for 
example,, distribution and related services (e.g., The 
Netherlands).. Nonlinear innovation models help in 
thee understanding of all relations from a network 
perspective. . 

3.. A complexity approach to innovation networks 

Complexx systems theory provides us with heuris-
ticc models to study the effects of interdependencies 
withinn networks. One of the models that has been 
developedd recently is the JVK-model (Kauffman, 
1993),, which can be used to analyze complementari-
tiess between actors in innovation networks. 3 In the 
MK-model,, N stands for the number of elements, so 
wee have N = 3 in our case of producer-user-
governmentt networks. We classify producers accord-
ingg to their technology, users according to their 

Thee yVK-model was originally developed by Kauffman to 
studyy the evolutionary dynamics of biological populations, and it 
hass been used to study the evolution of organizational structures 
off  firms {Levinthal, 1997), and to analyze problem-solving strate-
giess in complex optimization problems (Frenken et al., 1999a). 
Forr reflections on possible applications of the NK-modc] in the 
fieldfield of scientometrics, see Schamhorst (1998), and for related 
modelss applied to social phenomena, see Axelrod (1997). 
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Fig.. 1. Fitness landscape for innovation networks without interdependenties (N = 3, K = 0). 

markett segments, and governments by their coun-
tries.. 4 Each combination among a technology, a 
market,, and a country then represents an innovation 
networkk of a producer type, a user type, and a 
governmentt type. Innovation networks thus evolve 
withinn this three-dimensional space of possibilities. 
Selection,, then, operates on the relative success of 
thee various producer-user-government combina-
tionss in producing innovations. The success of an 
innovationn network is taken to be the number of 
productt innovations it develops. 

Inn the simplest case, innovation networks can be 
formedd by means of a combination between one out 
off  two producer types (X = {0,1}) , one out of two 
userr types ( 7= {0,1} ) and one out of two govern-
mentss (Z = {0,1}) . Thus, X=0 stands for technol-
ogyy " 0 " and X = 1 for technology " 1 " , Y = 0 for 
markett " 0 " and Y= 1 for market " 1 " , and Z = 0 
forr country " 0 " and Z = 1 for country " 1 " . In 
total,, the possibility space contains 23 = 8 networks 
XYZ,XYZ, namely, 000, 001, 010, 011, 100, 101, 110, and 
111. . 

Inn the NK-model, the quality or fitness of an 
actorr in the network is simulated using random 

Thus,, we assume that government policies can be distin-
guishedd on national levels. Alternatively, one may aggregate 
nationall  governments into groups of countries with similar poli-
cies,, or decompose national governments in local governments 
withh different policies, if sufficient information on this can be 
found. . 

valuess for the fitness of each actor, and the aggre-
gatedd fitness of the network is calculated as the 
averagee fXrz of the fitness values of all actors. The 
complexityy of a network is indicated by K that refers 
too the number of dependency relations within a 
networkk and has a minimum possible value of K = 0 
andd a maximum possible value of K = N — 1. Thus, 
iff  the functioning of an actor is not affected by other 
actorss in the network we have K = 0, while if the 
functioningg of an actor is affected by all other actors 
inn the network, we have K = 2. 

KK = 0: In the case that the functioning of an actor 
iss not affected by others, the fitness value for an 
actorr is drawn only once for state " 0 " and for state 
" 1 " .. Fig. 1 lists a simulation of fitness values for 
differentt technology-market-country combinations 
forr K — 0. In the first three columns the fitness 
valuess of each actor type fx, fY, and fz are given, 
andd the fourth column the fitness of the network as a 
wholee fxrz, which equals the average of the fitness 
valuess of actors. The distribution of fitness values 
overr the possible combinations is called a "fitness 
landscape". . 

Thee absence of any interdependency among actors 
inn the case of K = 0 implies that the fitness value of 
onee actor type is always the same for each combina-
tionn of the other two actors. For example, the fitness 
valuee of producer type X=0 is ƒ„  = 0.2 for all 
combinationss of user type Y and government type Z 
(000,, 001, 010, and 011). And, for producer type 
X=X= 1 the value is ƒ, = 0.7 for all combinations of 
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userr type 7 and government type Z (100, 101, 110, 
andd 111). This reflects that in the case of K=0, 
actorss function independently from each other. For 
thiss reason, the optimum with the highest fitness 
valuee fXYz 's simply the network in which all actors 
havee the highest fitness value. In this simulation, the 
optimumm is combination 110, which would corre-
spondd in the example with the network that com-
biness technology " 1 " with market " 1 " in country 
" 0 " .. This implies that for any network except for 
thee optimum network, the fitness can always be 
improvedd by substituting one actor. By means of this 
trial-and-errorr substitution procedure, the fitness 
landscapee can be "climbed" until the optimum is 
found.. Put another way, as long as the optimum is 
nott found, there are always two actors that share an 
"interest""  in substituting the third actor as to move 
too a better innovation network. 

KK — 2: In the case that the functioning of an actor 
typee is affected by the other types of actors present 
inn a network (K = 2), we have a network of maxi-
mumm complexity. In a network of maximum com-
plexityy the competencies of actors are all interdepen-
dent.. Following Kauffman (1993), to analyze the 
functioningg of such complex networks, the fitness 
valuee of each actor must be drawn for each possible 
combinationcombination separately, since the fitness of an actor 
dependss on the two other members in the network. A 
simulationn is given in Fig. 2. Now, the fitness of 
particularr actor types is different for different combi-
nationss of the two other actor types. For example, for 

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

fx x 

0.6 6 
0.1 1 
0.7 7 
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0.4 4 

f y y 
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0.9 9 
0.5 5 
0.9 9 
0.2 2 
0.7 7 
0.8 8 

f.z z 

0.5 5 
0.9 9 
0.5 5 
0.8 8 
0.7 7 
0.3 3 
0.6 6 
0.1 1 

f f 
xyz z 

0.47 7 
0.50 0 
0.70 0 
0.53 3 
0.83 3 
0.40 0 
0.63 3 
0.43 3 

Fig.. 2. Fitness landscape for innovation 

producerr type X= 0, ƒ„  = 0.6 when 7 =0 and Z = 
0,, /0.= 0.1 when 7 =0 and Z= 1, /0.= 0.7 when 
7 =11 and 2 = 0, and /0.= 0.3 when 7 =1 and 
Z== 1. The interdependencies among actors lead ac-
torss to function well in some networks, while poorly 
inn other networks. As a consequence of these inter-
dependencies,, the possibility space contains several 
optima,, i.e., several combinations with a fitness value 
thatt cannot be improved by substituting one actor in 
thee network. In this simulation, we have combina-
tionss 100 and 010 as optima. Network 100 is the 
globall  optimum since it has the highest fitness value, 
whilee 010 is a local optimum. By trial-and-error 
substitutionn of actors, actors move over the fitness 
landscapee until one of the optima is found. Impor-
tantly,, this search procedure will not necessarily lead 
too the global optimum, but possibly lead the sub-op-
timall  local optimum. 

Optimaa are different from each other with respect 
too at least two actors, and in our case of 7V= 3, at 
mostt three actors. This means that two or all three 
actorss share an interest to stick to a local optimum, 
sincee they cannot improve the network by substitut-
ingg one actor. Thus, once a local optimum is found, 
thee majority of actors share a common interest to 
stickk to it, which renders the formation of networks 
correspondingg to local optima to some degree irre-
versibleversible ("lock-in") The existence of local optima 
leadss us to the hypothesis that networks will increas-
inglyy differentiate into the combinations between 
producers,, users and governments that correspond to 

010/ / 

000 0 

( 0 « « 

) ) / ' ' 
111 1 

(0.43) ) 

II 1 
y% y% 

0011 101 
(0.50)) (040) 

withh interdependencies (N — 3, K = 2). 
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thesee local optima. As producers are classified ac-
cordingg to their technology, users according to their 
markett segment, and government according to coun-
tries,, we expect innovations in a specific technology 
too become coupled to a particular market in a partic-
ularr country. 

Inn sum, the constitution of an innovation network 
cann be thought of as a combinatorial problem. By 
experimentingg with different combinations, actors 
"learn""  the viability of different networks. Once 
theyy find a local optimum, they are expected to 
exploitt this combination further along a "technologi-
call  trajectory". For this reason, one expects an in-
creasingg specialization among networks that couple a 
specificc technology to a specific market and specific 
nationall  institutions. The model does not intend to 
describee interactions among actors in innovation net-
workss in any detailed way, nor does it attempt to 
predictt the emergence of specific networks. It serves 
ass a heuristic device to understand the relation be-
tweenn the complexity of networks and the patterns of 
specializationn among them. On the basis of this 
hypothesis,, we expect the degree of specialization 
amongg networks to increase over time, as the ones 
correspondingg to local optima are most successful. 

4.. Methods and materials 

Below,, specialization patterns among technolo-
gies,, markets and countries are analyzed using data 
onn 863 aircraft innovations introduced during the 
periodd 1909-1997. The data have been collected 
fromm Jane's (1978; 1989; 1998). Each innovation is 
classifiedd in a technology category i along the X-axis, 
aa market category j along the X-axis, and a country 
categoryy k along the Z-axis. The classes that are 
distinguishedd along each dimension are listed in 
Tablee 1. The technology categories along the X-axis 
representt the different producer groups, and are dis-
tinguishedd on the basis of the engine type (piston 
propeller,, turbopropeller, turbojet, turbofan, tur-
boshaft,, propfan, rocket) and the lif t configuration 
usedd in the aircraft (monoplane, biplane, triplane, 
tiltrotor).. Market categories are based on the primary 
applicationn of the aircraft and represent the user 
groups.. Categories along the Z-axis refer to the 
countryy of development, thus representing nation 

states.. 5 As an example, the Boeing 747 is classified 
ass a product innovation in the network of "turbofan" 
producers,, "passenger aircraft" users, and the 
"USA""  government. 

Inn this view, a single firm may be present in 
severall  networks at the same time, as it is the case 
withh multi-product and multinational companies. For 
example,, in the 1920s, Fokker developed piston 
propellerr biplanes in the Netherlands for the bomber 
market,, and piston propeller monoplanes in the 
Unitedd States for the passenger market. The unit of 
analysiss here is not the firm, but the innovation 
networkk as classified by a technology-market-coun-
tryy combination as we hypothesized that complemen-
taritiess are localized within networks of producers, 
userss and governments. 

Sincee we distinguish up to nine technologies, 
eightt markets and 31 countries, the number of possi-
blee networks is very large, and consequently, a large 
numberr of these networks can be expected to corre-
spondd to local optima. The existence of many local 
optimaa makes it even more difficult for Actors to 
findfind the global optimum, and can therefore be ex-
pectedd to exploit a local optimum once they find one, 
ratherr than spending time and resources in experi-
mentingg in other networks. These local optima are 
expectedd to unfold gradually in the course of the 
industry'ss evolution, as networks that do not corre-
spondd to optima tend to disappear. Only relatively 
successfull  technology-market-country combinations 
correspondingg to local optima will continue to de-
velopp new products. This leads to an increasing 
degreee of specialization among innovation networks 
overr time. 

AA straightforward way to measure the degree of 
specializationn among different technology-market-
countryy triples is to calculate the mutual information 
amongg the three frequency distributions of technolo-
gies,, markets and countries. This is a measure of 
dependencedependence between distributions, and originated 
fromm information theory as a measure of transmis-
sion,, defined as T (Theil, 1967, 1972; Leydesdorff, 

55 In the case of transnational collaborations among firms, the 
innovationn is attributed to all participating countries weighted by 
theirr financial share. We elaborate on the issue of transnational 
networkss in Section 6. 
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Tablee 1 

Classes s 

X:X:  Technologies i 

Y:Y: Markets j 
Z::  Countries k 

pistonn propeller  monoplane, piston propeller  biplane, piston propeller  triplane, turbopropeller  monoplane, 
turbojett  monoplane, turbofan monoplane, rocket monoplane, propfan monoplane, turboshaft tiltroto r 
passengerr  aircraft , business aircraft , cargo aircraft , fighters, bombers, trainers, STOL-aircraft , VTOL-aircraft ' 
Argentina,, Australia, Austria, Belgium, Brazil, Canada, China, Czechoslovakia, France, Germany, Great Britain , 
Hungary,, Italy , India, Indonesia, Israel, Japan, The Netherlands, New Zealand, 
Poland,, Romania, South Africa, South Korea, Spain, Sweden, Switzerland, Taiwan, 
Ukraine,, USA, USSR/Russian Federation, Yugoslavia 

"STOLL  and VTOL stand for  Short and Vertical Take-Off and Landing, respectively. 

1995).. The three-dimensional mutual information is 
givenn by: 6 

T(X,Y,Z) T(X,Y,Z) 
I J K K 

== E L E P,jk^g2(pijk/(pL-pJ;pA)) 
i=i=  I j - 1 * - 1 

( / == l , . . . , / ;y = I,...,J; k=\,...,K) (1) 

wheree pIJk stands for the relative frequency of prod-
uctt innovations using technology i developed for 
markett j in country k. Absence of specialization 
wouldd imply that pjjk equals (Pi.Pj.p.k) for all pjJk, 
whichh results in a T-value equal to zero. In all other 
cases,, T(X,Y,Z) takes on a positive value, and the 
higherr the jf-value the higher the degree of special-
izationn among innovation networks. 

Thee three-dimensional specialization measure 
T(X,Y,Z),T(X,Y,Z), however, is only a summary indicator. As 
notedd above, specialization patterns among innova-
tionn networks are possible in two dimensions since 
locall  optima differ in at least two dimensions. In a 
thirdd dimension, local optima may be the same. For 
example,, in the simulation in Fig. 2, the local optima 
aree "010" and "100" and thus have the same 
country-valuee " 0 " . Mutatis mutandis, local optima 
mayy contain the same technology or the same mar-
ket.. To detect in which pairs of dimensions the 
specializationn patterns are most pronounced, we thus 
havee to look for relatively frequent technology-
market,, technology-country and market-country 
couplescouples (and not only for relatively frequent technol-
ogy-market-countryy triples). To this end, we calcu-
latee for each period the two-dimensional matrices of 

thee relative frequencies of combinations between 
technologiess and markets (pu), between technolo-
giess and countries (pik), and between markets and 
countriess (pJk). We compute for each of these fre-
quency-matricess the mutual information, which mea-
suress the degree of dependence between two dimen-
sions.. The formulas for the two-dimensional mutual 
informationn values are given by: 

// J 

T(X,Y)=Y.T(X,Y)=Y. LPUMI{PIJAPI:P.J.)) 

i-i-  l j ~ l 

(i=\,...,I;j=\,...,J)(i=\,...,I;j=\,...,J)  (2) 

T(X,Z)=T(X,Z)= E E/>,*log2(AVU//>.*)) 7 

i - 11 * - 1 

( / = ! , . . . , /;; k=\,...,K) (3) 

// K 
T(Y,Z)=T(Y,Z)= E Lp.jklog2(pJk/(Pj:P_k)) 

j ""  1 * - 1 

0=1, . . . , / ; *= ! , . . . , *) ) (4) ) 

4.1.4.1. Example 

Considerr now a fictitious example of a possibility 
spacee among two technologies (X= {0,1}), two mar-
ketss (y={0,l} ) and two countries (Z={0,1}) , and 
assumee that there are two optima, which are 000 and 
111.. These two combinations are expected to be 

Forr  x = 0, xlogjj r  s 0. 

77 Note the relation between mutual information T(X,Z) for 
technologiess and countries and the Soete-Wyatt RTA-index which 
standss for  "Revealed Technological Advantage"  (Soete and Wy-
att,, 1983). Mutual information equals the weighted sum of the log 
off  the RTA. 



264 4 K.K. Frenken/Research Policy 29 (2000) 257-272 

relativelyy frequent, while other combinations rela-
tivelyy less frequent. Consider then the following 
Activee frequencies for 10 product innovations: three 
timess 000, one times 010, one times 101, and five 
timess 111. The three-dimensional frequencies of this 
populationn of products are: 

Ax)oo = 0 - 3 />oio = u l 

/>ooii  = 0.0 pou=0.0 

/ j 1 000 = 0.0 pu o = 0.0 

p l 0 1=0.11 pu i = 0 .5 

Thee high frequencies of the local optima 000 and 
1111 show that there exists a specialization pattern 
amongg a network developing products with technol-
ogyy 0 for market 0 in country 0 jet and a network 
developingg technology 1 for market 1 in country 1. 

Too calculate the T(X,Y,Z)-value, we first need to 
calculatee the one-dimensional frequencies which are 
thee sum of three-dimensional frequencies over one 
dimension.. We get: 

Po.Po. = Pooo +Poio +/>oot + /»ou = °-4 

/>i.. = .Pioo+/'iio+/>ioi +/>ui =0.6 

P.o=PoooP.o=Pooo +P\oo +P001 +/>!0i = ° -4 

P.\=Po\oP.\=Po\o +P\io +Po\\ +Pu\ = °-6 

P.oP.o = Pooo +Pioo +Po\o +Pno = °-4 

PAPA = POOI + />ioi + Pon +Pu\ = °-6 

Usingg formula (1), the value for T(X,Y,Z) then 
becomes: : 

T(XJ,Z)T(XJ,Z) = 0.31og2(0.3/0.064) 

++ 0.1 log2(0.1/0.096) 

++ 0.11og2(0.1/0.144) 

++ 0.51og2(0.5/0.216) 

== 1.23 bits 

Thee three-dimensional mutual information value 
T(X,Y,Z)T(X,Y,Z) indicates the overall degree of specializa-
tionn among networks. This is clearly positive in the 
fictitiouss example, since we have a clear specializa-
tionn pattern among network 000 and network 111. 

Thee three-dimensional specialization pattern can 
thenn be further analyzed by looking at the mutual 

informationn values of T(X,Y), T(X,Z) and T(Y,Z) 
forr the two-dimensional frequency distributions. For 
thee two-dimensional frequencies, we get: 

PooPoo = Pooo "'"Pooi  = ^-J 

PioPio== P)ooP)oo++ P\o\P\o\ = 0 - 1 

Po\=Poio+Poi}Po\=Poio+Poi} = 0 1 

Pu~P\l0Pu~P\l0++ P\UP\U = 0 - 5 

PooPoo ~ Pooo "'"/'oio = 0.4 

/>1.0=/>100+Pll00 = 0 - 0 

Po.\Po.\ =Poo\ +Pou = u 0 

P\.\P\.\ =P\0l +P\\) = 0 - 6 

P.ooP.oo ~ Pooo ~  ̂P\ao = 0.3 

P.IO=POIO+/>IIOO = 0-1 

P.oiP.oi = Poos +P\o\ = 0 1 

PMPM =Pou +P\U = 0 - 5 

Usingg formulas (2)-(4), the two-dimensional mutual 
informationn values become: 

7X*,y)=0.31og2(0.3/0.16) ) 

++ 0.1 log2(0.1/0.24) 

++ 0.1 log2(0.1/0.24) 

++ 0.51og2(0.5/0.36) 

== 0.26 bits 

T(X,Z)T(X,Z) = 0.4 log2(0.4/0.16) 

++ 0.61og2(0.6/0.36) 

== 0.97 bits 

T(Y,Z)T(Y,Z) =0.31og2(0.3/0.16) 

++ 0.1 log2(0.1/0.24) 

++ 0.1 Iog2(0.1/0.24) 

++ 0.51og2(0.5/0.36) 

== 0.26 bits 

Thee results show that, in this fictitious example, the 
specializationn between technologies and countries as 
indicatedd by T(X,Z) is strongest (0.97 bits). Produc-
erss of technology " 0 " are all located in country 
" 0 ""  and producers of technology " 1 " are all lo-
catedd in country " 1 " . The specialization between 
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technologiess and markets T(X,Y\ and between mar-
ketss and countries T(Y,Z) is less pronounced (0.26 
bits),, since the two technologies are used in both 
markets,, and the two markets are covered by both 
countriess but to different extents. Concluding, in this 
fictitiouss example, the strongest complementarities 
aree between technologies and countries, and weaker 
complementaritiess are found between technologies 
andd markets, and between markets and countries. 

5.. Results 

Wee calculated the three- and two-dimensional 
mutuall  information values for the distributions of 
aircraftt innovations for moving 10-year periods dur-
ingg the whole period between 1909 and 1997 (so we 
havee period 1: 1909-1918, period 2: 1910-1919, 
etc.).. 8 Thus, the frequency distributions are based 
onn the set of new aircraft models that have been 
introducedd during a 10-year period. The years in the 
schemess refer to the last year of each period (so 
19188 refers to the period 1909-1918, etc.). 

5.1.5.1. Three-dimensional specialization pattern 

Inn Scheme 1, the results for the three-dimensional 
mutuall  information T(X,Y,Z) are exhibited. The 
trendd is pronounced: low values til l 1945 with lowest 
valuess during the Second World War, rising values 
betweenn 1945 and 1965, and high values hereafter. 
Thesee results show that before 1945, countries did 
nott specialize in specific technologies and markets, 
whilee in the post-war period, specialization patterns 
occurredd rapidly. Following the NK-moóél, this re-
sultt suggests the interdependencies between produc-
ers,, users and government have become stronger 
overr time as the mutual information among them is 
rising.. The increasing degree of specialization among 
innovationn networks as a result of networking is thus 
too be understood as a historical phenomenon, which 
startedd in the aircraft industry after the Second World 
War. . 

Calculationss for 5-year and 15-year periods yielded similar 
resultsresults as the ones reported here. 

Thee low values before 1945 indicate that littl e 
specializationn among innovation networks had 
emergedd during this period. The values increase to 
somee extent in the late 1920s, but decrease again 
duringg the 1930s and approach their lowest values 
inn the early 1940s. At this point in time, aircraft 
technologyy was standardized in piston propeller 
monoplanee design mat established itself as the tech-
nologicalnological paradigm in the majority of markets and 
countries.. In particular, the Douglas DC3 introduced 
inn 1936 became the dominant design concept during 
thiss period (Miller and Sawers, 1968). This is re-
flectedd in the decreasing values during the period 
1930-1945. . 

Afterr 1945, the mutual information values are 
rapidlyy rising. A number of new technologies have 
beenn introduced just after the Second World War, 
whichh were coupled to specific market segments: 
turbopropss predominantly to bomber and cargo air-
craft,, jets predominantly to fighter aircraft, and tur-
bofanss predominantly to passenger aircraft.9 The 
olderr piston propeller technology could survive in 
thee niche of business and trainer aircraft. Each tech-
nologyy thus specialized in the niche in which it has a 
comparativee advantage over the other technologies, 
thuss giving rise to a branching out of technologies in 
differentt niches (Frenken et al., 1999b). 

Thee rising values for T(X,Y,Z) further reflect 
thatt specific countries came to dominate the develop-
mentt of specific technologies in specific market seg-
ments.. Countries became increasingly "committed" 
too a particular technological trajectory. From formula 
(1)) for the mutual information we can derive for 
eachh network the extent to which it is specialized. 
Thiss is indicated by the value for pijk log2 

{Pijk/Pi.P.j.P.i){Pijk/Pi.P.j.P.i) f° r aN ijk triples, since T(X,Y,Z) 
equalss the sum of all pijk log2 (pijk/pLPj,p .^-val-
ues.. Thus, the specialization value pijk log2 

(Pijk/Pi.Pj.P.k)(Pijk/Pi.Pj.P.k) of each individual producer-user-
governmentt combination ijk gives us a ranking of 
networkss from most specialized to least specialized. 

99 This finding that new technologies are first introduced in 
specificc market segments before possibly diffusing in other seg-
mentss can be explained as a strategy to limit competition from 
establishedd technologies. The finding fits the notion of strategic 
niche-managementniche-management (Kemp, 1994; Rip et al., 1995). 
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Mutuall  information between technologies/markets/countries 

Schemee 1. Mutual information values T(X,Y,Z) among technologies, markets and countries. 

Thee highest specialization values for individual 
networkss are found, as expected, in the postwar 
period.. One very strong coupling is found for the 
networkk of piston propeller producers, business air-
craftt users in the USA with pijk\og2(pijk/ 
PjPj p j p t)-values up to 0.44 bits. i0 The high con-
centrationn of customers for business aircraft in the 
Americann home market points to the importance of 
userss in this innovation network. In the military 
domainn strong specialization is found for the USA, 
thee former USSR, France, Italy and Sweden in jet 
fighterss with values between 0.10 bits and 0.20 bits, 
withh France and the USSR switching from jet to 
turbofann fighters after 1970. Only the USSR shows a 
clearr specialization pattern in bombers using turbo-
propp technology with specialization values close to 
0.100 bits. In the civil market, we find pronounced 
specializationn patterns in turboprop passenger air-
craftt for the UK (up to 0.17 bits), Czechoslovakia 

Notee that mutual information is based on relative frequencies 
andd not in absolute frequencies (the United States dominated in 
manyy more technology-market segments in absolute terms). 

(upp to 0.12 bits), China (up to 0.11 bits), and Brazil 
(upp to 0.6 bits). The USA specialized in turbofan 
passengerr aircraft with highest values around 0.10 
bits.. Canada dominated the market niche for STOL-
aircraftt using turboprop technology with values close 
too 0.09 bits and Argentina specialized in turboprop 
cargoo aircraft with values close to 0.10 bits. 

Thee focus on a particular technology/market seg-
mentt in relatively "small" aviation countries like 
Argentina,, Brazil, Canada, China, and Czechoslo-
vakiaa can be considered as a strategy to limit compe-
titionn with larger countries profiting from economies 
off  scale and political dominance (in particular, the 
USAA and the USSR). The concentration of efforts in 
smallerr countries to a particular technology and ap-
plicationn contributed to the sustainability of their 
aircraftt industry. The need for these countries to 
specializee is an empirical outcome, and may be 
specificc to aircraft technology. In other types of 
industries,, there are examples of small countries that 
havee been very successful in mass markets, as Swe-
denn has been in mobile phones and furniture. 

Itt should be noted that the specialization patterns 
amongg countries do not necessarily follow the logic 
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Mutuall  information technologies/markets 
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T(X,Y) ) 

Schemee 2. Mutual information values T(X,Y) among technologies and markets. 

Mutuall information technologies/countries 

19900 2000 

TIX.Z) ) 

Schemee 3. Mutual information values T(X,Z) among technologies and countries. 
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off  the product life-cycle as put forward by Vernon 
(1966).. In short, this thesis holds that as a technol-
ogyy becomes standardized, the technology is easily 
transferredd from more developed, high-wage to less 
developed,, low-wage countries. This dynamic is clear 
inn the case of turbopropeller technology, which 
movedd from the UK to newly industrializing coun-
triess such as Argentina, Brazil and China. However, 
inn the case of the even older piston propeller technol-
ogy,, the USA remained the dominant country 
throughoutt its life-cycle. The simple fact that at the 
endd of its life-cycle, piston propeller technology has 
beenn predominantly applied in business aircraft seg-
mentt explains why the American firms are still 
dominantt in the development of this technology: 
localizedd user-producer interaction may prevent the 
standardizedd technology from moving to low-wage 
countries. . 

5.2.5.2. Two-dimensional specialization patterns 

Ass explained in Section 4, the r(Ar,y,Z)-measure 
iss a summary measure which can be further analyzed 
inn terms of the two-dimensional, "bilateral" special-
izationn patterns among each of the three pairs of 
dimensions.. The 7tX,K)-values for the coupling 
betweenn technologies and markets are provided in 

Schemee 2, the T(X,Z)-values for the coupling be-
tweenn technologies and countries in Scheme 3, and 
thee r(y,Z)-values for the coupling between markets 
andd countries in Scheme 4. As for the results of 
T{X,Y,Z),T{X,Y,Z), we find in all three schemes low values 
beforee 1945 and sharply rising values during the 
1950ss and 1960s. One striking difference between 
thee schemes arises around the mid-1960s, when the 
couplingg between technologies and markets T(X,Y) 
decreasess again, while the values for technologies 
andd countries T(X,Z), and for markets and countries 
T{Y,Z),T{Y,Z), keep on rising til l the early 1990s. Thus, the 
elaboratedd analysis of three-dimensional specializa-
tionn patterns in terms of two-dimensional specializa-
tionn patterns proves informative. 

Ass noted, there has been a strong coupling be-
tweenn technology and markets after the Second World 
Warr as new technologies were introduced in particu-
larr market segments. Turboprops initially dominated 
inn markets for cargo aircraft and bombers, jets in the 
fighterr market, and turbofans in the passenger mar-
ket.. The older piston propeller technology remained 
thee standard in business and trainer aircraft. These 
patternss changed after the mid-1960s, when engine 
technologiess in bombers and fighter aircraft were 
graduallyy substituted by turbofan engines, resulting 
inn a fall in T(XJ). During the 1980s and 1990s, 

T(Y,Z) ) 

0,400 0 

19500 1960 

Schemee 4. Mutual information values T( Y,Z) among markets and countries. 
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turbofann technology further extended its range of 
applicationss towards business aircraft, leaving only 
thee trainer, cargo, and STOL-markets to be domi-
natedd by piston propellers and turboprops. These 
resultss show that turbofan technology has established 
itselff  as the second technological paradigm across all 
majorr markets. The cyclical pattern in Scheme 2 can 
bee understood as evidence of two technological 
paradigmss in the aircraft history (Constant, 1980), 
butt it is clear that the recent second paradigm of 
turbofann monoplanes has not been as dominant as 
thee first paradigm of piston propeller monoplanes. 
Thoughh turbofan technology has expanded its range 
off  application, some alternative technologies survive 
inn niches (Frenken et al., 1999b). 

Thee important conclusion to be drawn from these 
resultss is that the establishment of turbofan technol-
ogyy as a technological paradigm across various mar-
ketss did not lead to a de-specialization of countries 
inn technologies. The values of T(X,Z) in Scheme 3 
keepp on rising after the 1960s, indicating that tech-
nologiess other than the paradigmatic turbofan tech-
nologyy continued to develop in specific countries. In 
particular,, as noted above, a number of small coun-
triess successfully pursued a turbopropeller trajectory 
inn specific niche segments (Brazil in passenger air-
craft,, Canada in STOL-aircraft, and Argentina in 
cargo-aircraft).. Furthermore, countries like China and 
Indiaa that entered the segment of fighter aircraft 
appliedd predominantly jet engine technology. Thus, 
thee spread of the paradigmatic turbofan technology 
att the global level did not impede specific countries 
fromm specializing in an alternative technology: dif-
ferentt countries explore their own opportunities that 
resultt from complementarities with specific tech-
nologiess and markets. 

Inn sum, before 1945, the degree of specialization 
wass low; it reached its lowest values in the 1930s 
andd early 1940s when the piston-propeller-mono-
planee paradigm was established. After 1945, innova-
tionn in the aircraft industry became increasingly lo-
calizedd in specific innovation networks, as predicted 
byy the NAT-model. While the trend toward national 
specializationn patterns in technologies and markets 
keptt rising during the whole post-war period, the 
degreee of coupling between technologies and mar-
ketss fell after 1965. At this time, turbofan technology 
diffusedd across all major markets and established 

itselff  as the new technological paradigm. However, 
severall  countries successfully maintained their air-
craftt industry by focusing on alternative technologies 
inn specific market segments. More generally, our 
complexityy approach to innovation networks implies 
thatt local dynamics cannot be derived from the 
globall  dynamics, though the latter is constituted by 
thee aggregate of the former. 

6.. Transnational networks: an emerging regime? 

Amongg other high-tech industries, aviation has 
witnessedd a rapid increase in transnational networks 
amongg firms that have co-developed high-risk inno-
vations.. The development of the Concorde by 
Aerospatialee and BAe was one of the first collabora-
tionss within a European context. More prominently, 
Airbuss has been successful in developing passenger 
aircraftt using turbofan technology. This has set the 
stagee for new European networks, such as Avions de 
Transportt Regional (ATR), and more recently Aero 
Internationall  Regional (AIR). In military aircraft, 
Europeann collaborations date back to Panavia, estab-
lishedd in 1969, and have been extended with Eu-
rofighterr and Europatrol. Similarly, European Heli-
copterr Industry (EHI) and Eurocopter have become 
majorr players in the European helicopter industry. 

Howw can we understand the recent rise of transna-
tionall  networks against the background of the NK-
modell  of innovation networks as discussed above? In 
thee model, a technology-market-country triple 
countss as one innovation network between a pro-
ducerr type, user type, and a national government. A 
transnationall  innovation network then is a particular 
typee of innovation network classified according to 
onee technology, one market and two or more coun-
tries.. For example, Airbus is classified as a network 
developingg turbofan technology for the passenger 
markett with a French-German-British-Spanish 
"government".. The question becomes which coun-
triess are expected to collaborate with one another. 
Fromm an evolutionary perspective, one expects that 
countriess in a transnational collaboration recombine 
theirr individual national specialization pattern. Inso-
farr as two countries are specialized in different tech-
nology-markett combinations, they can collaborate in 
twoo ways: one country can recombine the technology 
inn which it is specialized, with the market in which 
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thee other country is specialized, and vice versa. The 
recombinationn of specialization patterns allows part-
nerss to explore a new technology-market trajectory 
collectively.. Below, we discuss two European exam-
pless in further detail: the Concorde project and the 
Airbuss consortium. 

Thee Concorde aircraft was co-developed by 
Aerospatialee (France) and BAe (UK). This collabora-
tionn is indeed an example of a combination of two 
existingg national trajectories. The Concorde is a jet 
enginee passenger aircraft developed during the 1960s 
andd introduced in 1969. At the time, France was 
specializedd in jet technology (for fighter purposes) 
andd the UK had a long record in the passenger 
markett (mostly using turboprops). The Concorde is 
thee first passenger aircraft with a delta wing con-
struction,, which had also been used in several French 
fightersfighters developed in the 1950s. 

Thee second example concerns the European Air-
buss consortium, which started developing aircraft in 
thee late 1970s. The consortium is again a collabora-
tionn between Aerospatiale and BAe together with the 
Germann firm DASA and the Spanish firm CASA. 
Airbuss concentrated its product innovations exclu-
sivelyy on passenger aircraft using turbofan technol-
ogy.. At the time of the establishment of Airbus, 
Francee had just switched its technological base from 
jetss to turbofans, while the UK was still specialized 
inn passenger aircraft. Again, previous specialization 
patternss are reflected in the technoeconomic special-
izationn of the transnational network. However, the 
otherr two countries Germany and Spain had littl e 
experiencee in aircraft technology, and had previously 
specializedd in other domains. For these countries, 
Airbuss provided an opportunity to leave their old 
specializationn pattern and to enter a new market 
segmentt using state-of-the-art technology. The entry 
off  Airbus in the turbofan passenger market can be 
understoodd as a recombination of competencies for 
somee countries, and a developing strategy for other 
countries. . 

Ann interesting aspect in the history of Airbus 
concernss the Dutch firm Fokker, which was invited 
too participate in the Airbus-consortium at an early 
stagee (Hayward, 1986). At that time, Fokker exclu-
sivelyy built aircraft for short-range passenger flights, 
andd like Airbus it was aiming to move into the 
segmentt of long-range turbofan passenger aircraft. 

However,, Fokker preferred an independent position 
inn Europe, and started a collaboration with the Amer-
icann firm McDonnell Douglas in the early 1980s to 
developee a turbofan passenger aircraft. The collabo-
rationn failed after six months of collective design and 
marketingg studies (Green and Swanborough, 1982). 
Fokkerr then individually introduced the turbofan 
F.. 100 in 1986 followed by the turbofan F.70 in 
1993.. At the same time, the turbopropeller product 
linee was extended with the F.50 in 1985 and the F.60 
inn 1995. During the 1990s, Fokker ran into capacity 
andd payment problems, which led the national gov-
ernmentt to withdraw its subsidies from its sole air-
craftt industry. From the perspective of the model, the 
lackk of a technological specialization pattern in the 
Dutchh aircraft industry may have contributed to its 
recentt breakdown. With hindsight, integration into a 
Europeann framework could have provided a more 
appropriatee scale on which to face global competi-
tion. . 

Thee examples of the Concorde and Airbus do not 
warrantt any strong conclusion regarding the speci-
ficityficity  of transnational network formation. Rather, 
theyy are meant as illustrations of institutional innova-
tionss that allow countries to explore new product 
trajectoriess collectively. The recombination of 
nationall  specialization patterns at the transnational 
introducess a nested governance structure. Transna-
tionall  networks can experiment with new combina-
tionss between technologies and markets without 
destroyingg existing specialization patterns at the na-
tionall  level. Stable specialization patterns at the level 
off  countries, however, are not sufficient for transna-
tionall  recombination, but historically contingent on 
politicall  considerations. Once a transnational collab-
orationn is in place, its continuation is largely depen-
dentt on its commercial success. When experiments 
provee to be failures, other recombinations are still 
possiblee since the national patterns are still in place. 
Thus,, vested interests in national innovation net-
workss are compatible with the exploration of new 
trajectoriess at a supra-national level. In the European 
contextt this implies that the formulation of common 
technologyy policies does not preclude the continua-
tionn of programs at the national level. 

Ass explained above, the example of Airbus is 
importantt in more than one respect. On the one hand, 
thee consortium built upon the national competencies 
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off  France and the UK. On the other hand, it served 
ass a strategy to develop an aircraft industry in Ger-
manyy and Spain. Technology transfer through 
transnationall  collaboration has not been confined 
onlyy to Europe. Non-European examples include die 
Italian-Braziliann collaboration within AMX which 
allowedd Brazil to enter the turbofan fighters market 
inn die late 1970s, and the Spanish-Indonesian col-
laborationn within Airtech established in 1980 which 
launchedd Indonesia into cargo and passenger trans-
portt using turboprop technology. More recently, Air-
buss and Alenia have started negotiations widi China's 
AVI CC and Singapore's STPL in an attempt to secure 
aa strategic position in commercial aircraft in the Far 
Eastt (Jane's, 1998). 

Thee transnational network model of technology 
transferr has important implications for government 
policiess aiming at penetrating a high-tech industry. 
Comparedd to earlier technology transfer practices, 
thee network model constitutes an institutional inno-
vation.. Just after the Second World War, many 
countriess followed a transfer model via licensing 
agreementss to (re-)vitalize their aircraft industries. In 
retrospect,, this model can be considered a typical 
Cold-Warr institution as the United States and the 
formerr USSR licensed most aircraft designs. Impor-
tantly,, licensing involves what can be called "first-
order""  knowledge transfer, as the knowledge trans-
ferredd concerns me production technology of an 
existingexisting aircraft. In contrast, me network model is 
basedd on the co-development of new aircraft, which 
allowss participating parties to exchange (tacit) 
knowledgee and to extend their individual compe-
tencee bases collectively. This form of collaboration 
cann be called "second-order" knowledge transfer 
sincee the knowledge transferred concerns the devel-
opmentt of new aircraft designs. Thus, the collabora-
tionn aims at a collective output, and is in essence a 
process-orientedd transfer model. It allows countries 
too catch up with state-of-tiie-art design procedures 
thatt can be put to further use in future product 
developments. . 

7.. Summary 

Thee NK-mo6e\ provides us with a heuristic simu-
lationn of complex innovation networks of producers, 

users,, and national governments. We derived from 
mee model that among the possible combinations, 
theree are many local optima to be expected. Net-
workss will then specialize among these local optima, 
whichh reflect the complementary combinations 
amongg technologies, markets, and countries. Empiri-
call  analysis of product innovations in die aircraft 
industryy shows üiat the degree of specialization in-
creasedd rapidly after die Second World War. This 
resultt suggests mat the "complexification" of inno-
vationn networks in the aircraft industry is a historical 
phenomenonn emerging after the Second World War. 

Thee complexity of innovation networks renders 
diee outcomes of die strategic choices of national 
governmentss highly uncertain. The scope for clear-cut 
policiess is limited since the viability of specialization 
patternss cannot be judged ex ante, but only be dis-
coveredd ex post. Nevertheless, some preliminary 
conclusionss have been drawn diat merit further re-
search.. First, the pattern of specialization diat 
emergedd in die post-war aircraft industry shows diat 
aa number of small countries started to focus on 
particularr technology/market combinations. By 
meanss of focusing research and development in a 
veryy specific area, diese countries have been able to 
sustainn a viable position vis-a-vis larger countries 
profitingg from economies of scale and political dom-
inance.. Second, we concluded mat transnational net-
workss might become the new model of technology 
transfer,, since diese networks allow countries to 
recombinee dieir competencies by co-developing 
productt innovations. 
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