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l

Innovation is an emergent system property that may take place when the
entrepreneurial response to unexpected factor and product market conditions
is complemented and supported by conducive systemic conditions that enable
the generation of indispensable technological knowledge at costs below equi-
librium. This Element uses the tools of evolutionary complexity building upon
the notion of creative response introduced by Joseph Schumpeter in "The
creative response in economic history." The Element provides the foundations
of an inclusive framework that enables us to integrate the variety of mechanisms
considered by the different streams of literature to grasp the dynamics of the
endogenous innovation process and to identify the crucial role of knowledge in
assessing the rate and the direction of technological change and their effects in
terms of productivity, profitability, and growth.

;' The contribution of Schumpeter published by the Journal of Economic History
m 1947 can be regarded as the synthesis of his lifelong research on the role of
innovation in economics. "The creative response in economic history" synthesizes
m a unified framework the ingredients elaborated in "The instability of capitalism,"
published by the Economic Journal (Schumpeter, 1928); The Theory of Economic
Development, published in English in 1934 (Schumpeter, 1911-1934); Business
Cycles: A Theoretical, Historical and Statistical Analysis of the Capitalist Process
(Schumpeter, 1939); and Capitalism, Socialism and Democracy (Schumpeter,
1942). It combines the basic tools of textbook microeconomics - such as analysis
of technical change as a reactive movement on the existing map of isoquants in
response to changes in product and factor markets - and key Marshallian contribu-
tions - such as the role of variety and of externalities - with analysis of the
intentional introduction ofumovations as a creative response that is able to change
the existing map of isoquants when the systemic conditions into which firms are
embedded support their entrepreneurial action (Antonelli, 2017b, 2018c). This
framework enables appreciation of the central role of intentional decision-making
in the generation of technological knowledge and the introduction of innovations as
a response to the challenges and opportunities provided by changing product and
factor market conditions and access to the general stock of scientific and techno-
logical knowledge.

The framework of the creative response seems especially appropriate for
analyzing the evolutionary complexity of endogenous innovation and variety
based upon the dynamics of feedback between individual decision-making and
systemic changes that characterize the working of economics systems and
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2 The Framework of the Creative Response
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ranging from formal research and development (R&D) to leammg procedures
andcompetence-implementing procedures, finalized to generate°new'know^
ledge must consider the high levels of uncertainty about the'actual outcome of
the generation process. The knowledge generation process may lead to"une^
pectedresults wlth contents that are far from the exPected ones: atrip'directedto
the southeast of the knowledge map may easily end up m the north-w^The
distance that the research umt is able to reach may be quite small; far below Ae
expected levels. Thematchmg between the resources'mvested andAeresults
^tamedls,_often quite poor'.far below that in any other economic"act7vÌty
Occasionally, if not rarely, the generation of knowledge takes" place" withÌn
plam.ed^ming, yields the expected results in tenns of'scope'ofrappUc'atÌon"
and produces a stream of economic benefits, from both its generatkm'anTite

that is larger than its costs.

When the generation of technological knowledge yields positive outcomes.
the introduction of innovations, m turn, can take place, but in acontex7ofhÌeh'
levels of product and market risks. As Robert Merton points out:'

N!wproductsandservices arecreated to ^able people to do tasks better than
they previously could or do things they couldn't before. But imovations Zol
lany..risks_Just how risky an.innovation tu^s out to be depends'in great
mlasur.e on the choices people make ln USÌD8 it Atfempts\ogauge"the
nskmess of an innovation must take into account th^mntati^f^
models - fonnal and mformal - on which people base their ^1^^^
^lto"JA!im;vation • • -.some models ^m out to"be"fandamen7aUuy
flaw.ed:and_should bejettlsoned • •• whae others are merely mc"o^l'etle1^
^Dblimprovedupon' somemodels r^"^ sophisticated"users^prod^
good,results:.others arc suitable only to certain applications. And eve7when
peopll.employ.appropriate models to make cìl0^ about how'to'us'e'Z
mDovation-;strikmg the.nght balance between "^ andperfonnan'c^
^m;e^ow.that it.ls almost impossible to Pred^ howtheir'changed^tvroLwm mflu!Dclthe risklness'ofot^ choices"and"b:h^oTZ;
mke,róen in apparently unrelated domains. It's the old story of unmtenZd
,co^equences_-Themorc complex the system an in°-ation enters':Aemo^
ìikelyand severe its unintended consequences ^be'lnd^m^^
?J lssocìated with an mnovation stem not fr°mthe,nn'ovation7teel'fb^
,from.the mfrastNcture mtowhich it is introduced. In~theend,'anymno^tioun
^Lvelaleaplntothe unknowable- Ifwe^tomatepSsuiZ:^
that's a fact we need to accept and to manage. (Merton,2o73bp.ul')u

The risks mtrmsic to the generation of new technological knowledge add to the
?^lf.,attemptln8 to lntroduce an ilmovation that'enableTactuaHncTeas'e^
PI^tabÌ!Ìtymdproductmty-Thelr sequential ^binationyields'conAtìZ^ ^

11 yi/^ ^:lf*i"'t i-fr^+T T T?^^-^^- - ••

l

such high levels of uncertainty is limited. The intentional decision to generate
nTwtectoological knowledge and to innovate is implemented onlywhenthe

"out-o^equilibrium conditions of product and factor markets impede
Sne^as usuaTand solicit dedicated efforts to cope with the unexpected
^ndkions"by-means of the geaeradon of new technological knowledge and
the introduction of innovations.

±Th7dec7sion to undertake the substantial risks of innovation activities that
charactenze'both the upstream generation and the downstream use of new
technological knowledge to introduce and exploit an innovation is not^aii
automatTc process. It takes place only in a specific economic context character
Luedb7cWlenges that impede finns' ability to conduct busmes^as usual and

.rarTopportumties: In equilibrium, when the evolution of product and
Sc"tor"maAetsrmatches standard expectations, finns are not ready to take such
^sks. He"rTthe prospect theory, according to which firms are more sensitive to
Ìo7se'rthan7amsand strongly tend to avoid losses, helps us^o grasp fc
deTem.mantso"o'f-decision-m'akmg about innovative efforts (Tversky and
Kahneman, 1992).

^"Theeconomics'of knowledge and nmovatioii have little investigated the context
mwUchdecisTon-making about the generationoftechnologicalknowledgeand&e
introduction of mnovations takes place: the leading approaches standard evol^
Zna^apProachesandfce new growth theory - do not explore the determinants rf
mnovati^e'efforts as an intentional process. Standard evolutionary approaches .
Darwinist ascent assume that finns keep innovating at all times and that generation
ofuimowledgeis based on automatic learning processes that are implemented 1
routine's (NTlson andWinter, 1982). This literature assumes that firms decide levek
ofR&D expendifaire followmg automatic mles of thumb -

J.'Evolutionaiy approaches do not take into account tfae effects on discre-
7on^decÌsion-makmg offce changing conditions of product and toor^arkete
that"Ìeadto'fhe definition of firms' umovative efforts. Standard evolutionary
approaches'are'not able to explain why some firms innovate "lorcthan^thers^OT
^fams'are much more mnovative at certain times than at others (Dosi and
Nelson, 2010). . ^ ^ ^ .^.^^c^.''^The new growth fheoiy also does not elaborate on the determinants offims'
novation efforts; rather,'it centers its analysis on the special properties oftechno^
lo"gicaTknowledge as an'economic good and values limited WroPI^b;l^he
LeSme ofmcrealmg returns disseminated by externalities tot ^ld TFPfowtha;
fhFaggregate and the finn level. In the new growth theory, knowledge that is not
MlyDawrcopriated by "inventors" spills mto the system and benefits third parties
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elasticity because of its limited appropriability - in a production function - the so-
called technology production function enriched by inclusion of knowledge -
according to the matching between the costs and tfae output elasticity of all the
inputs. The new growth theory does not take mto account the high levels of
knowledge generation and exploitation risk that come with the introduction of
innovations (Romer, 1990, 1994; Aghion and Howitt, 1997; Aghion and Jaravel,2015).

More specifically the new growth theory assumes that the limited appropria-
bility of knowledge reflects its high transferability such that kaowledge spill-
overs yield technical externalities that benefit all the agents of the system at all
times and in all locations with no costs. The new growth theory does not take
into account the possibility that the limited appropriability of knowledge coex-
ists with its limited transferability. The limited transferability of knowledge
stems from the costs of screening, assessing, accessing, absorbing, and finally
using external knowledge generated by third parties. Only a few firms with high
levels of geographical, institutional, cognitive, and technological proximity can
take full advantage of the spillover stemming from the limited appropriability of
knowledge.

The combination of limited appropriability and limited transferability dra-
matically curbs the heuristic power of the new growth theory. That only a few
firms are able to take advantage of spillovers dramatically limits the incentives
to generate new knowledge: in any simple oligopolistic market, it is sufficient
that a few finns take advantage of free spillovers sequentially, drawing nil
profits from innovation and instead transferring all benefits to consumers. Yet,
the vast majority offinns, based at a distance, are not able to take advantage of
free spillovers and must bear heavy absorption costs, which dramatically limits
any positive effects (Cohen and Levinthal, 1990). Knowledge externalities are
pecuniary rather than technical and the limited transferability of knowledge
drastically reduces its positive effects for all but a few firms, and consequently
for the system at large (Antonelli, 2022a).

This Element takes an evolutionary complexity approach that impinges upon
the Schumpeterian framework of the creative response (Schumpeter, 1947). It
appreciates the endogenous heterogeneity of agents and credits them with the
capability to change their knowledge and technology when and if their context
of action stirs and supports their response (Antonelli, 2011, 2017a).

The framework of the creative response provides the foimdations upon which
to articulate an inclusive evolutionary complexity where growth and change are
explained by the coupling of the capability of agents to react to unexpectedchanope in Ao;- ~—

The Creative Response

^ »^o.s "^^Msrrr^:':SeMSSup^bTgUy'idiosyncratic charactenstics of the system .
w^m'—^!^:^w:^^^^^f^inttoduction "^o^^::^^l^nÌcsrWe can^^^^^mwM^^J^^mtìbuild the framework ^Gw^^e^ :nLabl7us\o overcome theZn^rthe'economics of pledge. Jh^n^^^»^^ of,8'mtod:::SZ^1:^ ^'.e.^-»°»«-;";:;:;ww'^^^^^'z^^zn-;lly and not PurPosely^and,ol ^^1^ Loluteome "f standard maxi-Z^dge^vers ^ ^aIds^OT^ ^^S°^"uacc3"^e coe^^^roccdures^d^is.on^ng^^^^^^^ of^:::S^al ^ to^^^^0;^-^knowledge (Ballon, 1993; Munozand^ar^:;;;:20W ,^w^o^.^^^^esponsT is'quite c°^rehenslve,as_^m^,l^Jrivalty^ theal^^^ch^z^°^^°^Z;;'d^a^s ofmduml^^^^g^^n^^^AaTm.K.d.ctoof^.^^^^^^^^:^ a; :becoInmg^ol^e^^^fZ^^g the^ leased demand }^s^^^^^'^o?^^""-^^^^-M.c;e,>,v...spo.^m.^,^^;'^^^in»d».i.ifa^and yet need to make lon^ d^s^^ggers -and^VAMS:^:^^^^e=:b':w^:-;upporte; ^mM^^f^^^;;:meetthelrexpetthrevolution of their product andjactor^^ ^^^^Z;uf^;no^^^ibnum^^^^^ÌMSl^:'^^'^''^^w'Lwa:;sponse by mtroducjng {wo^ s^^^^n of the neces-S^kn-^:Th6response Ìf-^^^S^ -<:essto the^LZlogÌ::! knowledge ;s -PP^d^ ^T^:xtTn^ch the^^^c^w^^'^^^^^-.
'^^^^^^^—^

J<-



10
Business Strategy

andits,access condltlons'.which trigger the levels of Pecuniary knowledge
extemahties and^enable the creative responso. Thè dynamics are7ar from"
detenninistic as they are intrinsically path-dependent and'stochastic. TheZw
waves of changes, in fact, may support persistent <
TOntributeto !he coupling ofnew out-of-eq"i"brium conditions and n7wpecuj-
maty knowledge extemahties, or if they worsen the conditions of access to the
stocks of quasi-public knowledge and thus reduce the levels-o~f",
swledgeextemallties'in tum possibly trigeering a drive toward^tetic"e^iy-

i where innovation and growth are no longer possible.
^ Evolutionaiy complexity based upon the creative response provides the basic

took we^need to understand the working of economic^systeins at'largeFbuFite
scope of application is widely enhanced and augmented'in the globalTco'
where ™ty and heterogeneity are magnified. In the global economTfc
SCOPGOf.the CIeatwe response ls emPowered by the mteractions"m"quaZ
homogenous international product markets of agents based in highly heteToZ
leous..factor markets shaped by the strong reslllence of their"idÌosyncractic

Jhe^frameworkofthe creative responso also helps us grasp the dynamics
of technological change stirred by advanced economies Increa'smg^bein
exposed to global markets. The rapid pace ofglobalization since the end7f
thekst century has deeply affected both the product and the factor maAete
(;ftheworid.economy and triggered radlcai Ganges in'thè mterna^naÌ
division of labor and in the specialization oftrading"partnerswith^enut
out-of-eqmlibrium conditions. Engagementmintemationalproductmarkete
exposes firmwo continuai challenges and opportunities lbecause"o7the
re!evant.knowledge splllmg over from more advanced "vals;con"sequen^
;lrtes Aescopeforcreative T^^ that increase levek'ofproZtì^
!nJurtfirms.with hlgh level\of P^ductivity experience'fartheTg'ood

ice in international product markets.

2.2 The Evolutionary Complexity of the Creative Response
Reappraising the Schumpeterian notion of creative response enables us to take
mto account the^spedfic and highly idzosyncratic conditions that explam.
how, and when firms actually decide to bear the high levels ofns7asus'ociZd
with generating^new technological knowledge and~become abktoTnfrod"u^
;m.OTations.ID the creatlve response framework' the con^t mwhichfinnrare
em^dded plays a central role on two counts. First, the coi.dition7o7prod^
an^d factor markets are central to explaining why finns innovate'and b'e^Z

The Creative Response 11

and how much it can contribute to individual firms' knowledge generation
.depends upoa the specific and, once more, highly idiosyncratic condi-

^on7m which those firms are embedded in terms of the quality of the know-
ledge governance mechanism at work in each specific context of action. Let us
analyze them in turn.

2.2.1 Conditions of Product and Factor Markets
In the creative response framework, mnovation is a high-risk activity, and its
olutoom7fs"strongly affected by the context in which it ^esplace^F^sa^
^-a^erse,"and&eir innovative efforts are decided only when product and
fa;>ctour>maAets"areout of equilibrium. Firms try to cope with the newn^sky
context bTmtcntionally performing risky innovation activkies that may W to
AreventuaTmtroduction of innovations, but only m specific and quite idiosyn^-
clratÌc cÌrc"umstaaces. The creative response framework elaborates and impinge^

,' aTtrong Lamarck.an trait.. that change in behavior and introduct^f
^ovautions7epend upon changes in the context of action. F^lnno;;teonly

aints undermine their conducting of business
las^u7andrstir'their attempts to change. The Lamarckian hypothecs AaUhe

rcouid'change the genotype such that new conducts and behaviors
^ulFbTtranTmitted through generation was falsified in biology and genetics,
b^applÌeTeffectivelyto^conomicanalysisofinnovationand^^^^^
Kualso ^tributes to implementing a more comprehensive and indusweevo^
tionary economics where endogenous variety and innovation are^emergent

FoTthe'system that not only support each other but may be^ able to
Z'trasTboththeintrmsic thrusts of competitive markets toward equUibrum;
^thepowerM effects of Darwinian selection on finns that perform less wdl
^"the'eventual reduction of variety to homogeneity. Firms try to innovate
when the actual and unexpected conditions of the product and factor maAete m
wteh"they"operate either (i) undermine their performance such that ufalkto
below-av'erage levels ofsustainability; or (ii) yield above-average performance
andprovidemtemal resources that can be invested in nsky undertakings. Let us
elaborate on this approach briefly.

LUThe"actual"effects of innovative efforts in terms of performance and TFP
^wthuare"determined by the acfaial cost of technological knowledge. The

^ctuaFus^ cos<;of technological knowledge is determined by^two contrasting
forces: teUmited appropnability and exhaustibiUty, which make possible low^
cuos7ac^ss"to"existmg knowledge generated by third parties - albeit to^ only
7L"^-~^^. ^reenine and absorption costs that add on and may push the
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neattempttogenerate new technologlcal knowledge and introduce productiv-
^ty-enh^cing innovations is successiul only if, where:andwhenthe"conditLunslof
the"TmicsyTrootedmthearchItectoeofmter^^^^^
^<ztomabllngfirms to ldentif^access'absorb' anduse^stod^aZ
public technological knowledge at costs below equilibrium~levels."

.^rgeSTrcthatlmpmges upon the new growtil th^ assumes that
ÌD^TPm;..freelymto the atmosphere and can be accessed anT^edTy
lnynumbCTOfthird partles at no cost The new growth theo^has found7n:w
manna^the limited appropnability of knowledge reduces incentives^und^
,t!kLiImo:ative efforts but also automati^y helps reduce'thecost ouf ^-
!18ewÌthtechn"al knowledge extema"ties'to all agents"Ìn"the7ystemTAe
same conditions. External knowledge enters the production function of all finns
^ unp.d factor and y.lds the typical techmcal exteniaHtSes'(Sdto;l;

^Thiswroachis contrasted by investigations into the economics ofknow-
kdglth^havLideDtlfied and appreciated the key r°k'bofto7th7h^d
t^sferabmtyof^owledge and of knowledge abso^on cosTs. "Accento"
^dulo^know!edge SPmovers.re(lu- dedicated and- expense ac^
^field^aL' 1981;,cohenandLevintha1' 1990). The ^ponseoffin.s1;
^equaibnum condltions is crcative and enables the mtoductionofp^
lTityrhancm8 Ìnnovatlons only when Pecunlary knowledge externals
KàZ^^knffwìedge as an mdlsP-able Ìnput inZ;^;:
gemion °!new technoloSlcal k"^ledge, below the equihbnumlevZto

the cost of reproduction.

,.c^mproducts'processes'mputmixes'organlzat-"^^
m^v::;ons ly.ifthey.trigger an incrcase m T  Changes an:n^^
lDlLlfSlDllanceproductlvlty levels-As such' innovatio°ns arean7me"r^
p.roperty;fthe,system ln anendogenous 1°°P where: (i) the system engeJer's
^o^equilibrium condition, of producUnd factor markets; ^:^^
fijmsto introduce mnovations only tf, when. and where ^^7^^
^.^rtun;ty.togenerate newtechnol°g-al knowle<£e^^belo^
^quzUbnum; (^ both the out-of-equilibrium cond,tionscand'the^^^
Lec.umaryknowledge extemalitles are end°genous as they are" shaped b7the
d!"Sltotry tomnovateand to ^^e new - additional ;tS^S
^^^^thellmltedwropnabllltyoftoo^^eans'tSn:
lrcbetteLoffImitatmg already successful novations, th°usmaJcmg"use1^

t-sorting mechanisms.

^ Firms' reactivity levels, the size and composition of the auasi-nuhl,., ^..nn-
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or slow down the endogenous dynamics of the creative '-esP°nse- Fims ^ose
LBo^i7e efforts are not complemented by systemic conditions and knowledge^

FmeThanisms that enable them to take advantage oUhe stocky
^asT7ublic"knowledge to generate new technologlcal,knowledge,!,^°:te
;dao7e^bnum-- production - levels end up ProduclngJ^^ovelties'
rather than productivity-enhancing innovations (Akcigit andLiu^O^. ^

"revekulo?mnovation effort are'defined by the extent of the changes m Ae
producTand factor markets with respect to the necessary_e^ctetio;s^
"whTh^basTtheir decisions. Thc'stronger the dynamics "ftheprod^and
factorAma±ets;the larger the variance of prices, quantities, an^dperfo^^^^
aJtheTa^the"effortsto try to change the current conduct of busing ky^
^Z^g'chan^s:The support ofpecun^ knowle^;xt-al^;u
quaÌÌfy'the extent to'which such changes are imiovative, that is. the extent to
which the response is actaially creative or just adaptive. ^ ^ ^^

'ul7thehtte7case;'the changes are not able to reduce costs; the^ovat^n
effortFfaiITopToduce anything substantial. In the fonner case, ^specific
acc"ess toanduse of both the quasi-public knowledge stock ^thec^sequ^

pledge extemaUties make the response truly creative, thu^enab-
ShTmtroduction ofproductivity-and-profitabUity-enhancing ^atons^

^h7svlsteumlsmequiÌibnum when the total cost of innovation efforts equals
thcxolutputoftechnologkal knowledge. In th.s case, ^outco^of^ m^
^onueffortTconsists ofnoveldes. As seen before, novelties dtffcr from innov-
ations because they do not augment the firm's productivity.

2.2.2 Knowledge Spillovers

Technological knowledge . an economic good with special propert^:^ l^ed
e^aZtìb^enablesitsrepeateduse upstream anddownstoeam(Antoaem^^^^^

nologicalknowledge, existing
^oZ'dg7beucomes"eventuaUyquasi-public as it spills from ite actudowner^d
;<;:Z:^irdp»^.. c-^ us. i, '••^°eft 6»mted;fto.^ha:e:^
^tToTabs^on audits costs of reproduction. Technological knowledge i^the
^metoe,"the output of the dedicated activities unplemented upstream to generate
ran7Zmput"existing knowledge is necessary to generate new toowk^
MoTov^ZbnoÌogicaFknowledge is an mput mto the downst-eam technology

, of all the other goods.
l"The~limited transferability of knowledge, however, impedes free access^

blo^e-mE&omttelp^^'~rlrr^^
_-1-1- 1
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^rxiT.r?::^°^^^

==S^?=;=2s ,h::::f ab80"tlon may becomc qute doscto fe-''^
i^n£iLa^apprccrótion ofthe limited transfer*iHty of knowledge high-S;tr^iz?:.T"°ì°fprMmiwù:)te^^^^^^^^^^^^^larój"ì!he role of the composition °f Ae~stock/o7knoIw]edagesZdTcomplementarity. Let us analyze them in turn.

(i)^:Sm;ute.&:awere'VI'eni'c°n'e8'oabsorb"'E'«'»0'»i"SW!edge:..Knowledge spllls withm a l^d^istancT6^euffeZTf^Ir^:^:stTtetoto;h^^^^eS:onofthfi splllmg knowledg^Ì^er^cZ^bZlf^'lwMwrpm ty'ms:teh:^'^^^^ of Pledge spiUovers. Intenu.ions^^'t^1;^1^;twnntos'Ìwittoa'imiMKSUn^:rit;dtejmoI,T'Ito,cema«er:''he8^JnTfflne^;tkIrowledge base' the larger the "PPo^tythatkn'^edge?Oml^,w;":S: ?:„'"" Mlow c»"' ^.~»,d"teZCAntonelli and David, 2016).(ii) lrclalonto_absolption costs' understa»dmg them, as well as the notm of^e^Te'auowwwto:^s;:^^^^^pe^;^extemalltles: In Am)vlan analysls. spiUove.'^^^^^^w^m..^^=:s°'It^''^nc°^^'^owe'^m:'"aa:w'^'^^leLTn.teclmical extemalities apply and ar^°]"ye7by"the^Z^l.^1!"" °fthBe^'^'">.'^c^ ^ ^i^a^^'K^°wel^s::d~k":^:^::a::^^drt!CTllof&;sy5tem m whlch the agalts "Pe^^nelS^ecmc<"'Ì^^^Z^:^!.em'm<'tKW~tec^:s^::"^S^ln.ti;:TOmplementanty ofthe stock ^q^pubTteZZgZ^^^^'^'^we'MSKt^s;:::^^olofkl w!edgethatls intemal to the firm- The ^mpTementanty3 o"f7heu^^m^°'!ml't^:tMed^':^^^^i^rtmrroc"sof^e^gm^-s01^-^^access to specific^knowledge items that enable their reco^.Z
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proxunity exerts strong effects on complementanty. Technotogicalprox^^^tivepro.nuty: ^^GS^b^°^Z^ZS:tac;^owledge that shapes regional developm^^ ^^^composition of the stock of competes acc^^^^^^to^^amic irrevers^ -B^in.path^n^^lcZldyn^c:In^is context, the mterplaybctwecnreg.naU^^^:and"d.-abiUty of local agents ;» en^m,su^^^sse^atbuMupon locaUzeda^plementanties. ^^d^^P^^^»^^M^'IM^W^^^Zt:l:2o797Bosc^MTlFcolombeTliet al-, 2014; Essletzbichler, 2015; Montresor and Quatraro,
2017).

T^,^^^^^beK^alwto°lyxme:^t^^^Z^uo7anmtertional economic activity characterized by ^ghkvekj^TtoZ^Z^T»™^ .•°cal-ze<i' Knowleds I"^:s'^^s^^^  'm^;m^^.emerging out of localized learning are "los^sPecific tosectos:^:^T.^S^^^^^::,::ZZ^r^^existing'bundles "^^-S FOT^^^^^f^^FrmK^nsand^a^ ^^ ^Zp'^«^.tm^b>^^d.^o..J^k,^o^.^c^^^on^tionofnew technolog.al '-wle^at^mtm^^^ SlbylthesÌze'andfee wositionofthc ^ù];sto^^^^^e.ten^smatterasn.chasMar^ane^^^";J:^:^N;^., .1., 2018, ^r'8^;^,°::;^Z; r^ o7new'technological knowledge ^e below equiUbnmn^^:^LMt°^1^3^>^te^^^^^^^TM^ ^^^ s'ocks.mdte.sp;tto:12:pl°^^^&Ts3amTtÌmebcally abundant ^dy^ZS ;o^7fpos^ complementarity^ between fcemt^al^d^^f^d;;and(u0'accessandusethe^o^i^^l^IUZ;^^ ration of the composition of^^w^^^^^^^ol^-mi"x>o'^M,^^'7tre"kno^edge"gDovemance mechamsms play a centiral role m a^ssmgj:f.,tT:^S.T^'o^^^^°^^^^:^:FmoM^W'':T^^ZS^econAÌnation process at low cost. Other firms may experience poor
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.Th!.search for effective matehing between the size a"d composition of
Ì°cauzed technological knowledge stocks and the competence"o7each"firm1

ÈSÈÌÌ^SS
mentarity between internal and external stocks.

2.3 A Structured Framework

^Tls°^malt;s.,CIeat 'h-d—^ ". •h. ge.e»,,», of
^^r&^ Ì.MUa!."róroduction of innov^^±th^ZZ ^
^ulÌZanlh!ghl!.structurcd framework wherc differentustages"o7aZ^;Dllu,salltyarc^ntTined-In Ieìatì to^^^i^^^^^:^W^^M:::w^as^^
shtbJeTfet^ZttnJtole. Tìe.cDM.aOT^^^^
^T.eofAe.deteImmants and effects °fth^i°novationproceTs.7cZZ1^^^c^eTO^^;toem^^^^^^^^^zw:;^:::::=:::::^

^halis.,able to grasp the complexity of economic"dynamicslrdZ'T:: °lk°°w"!d8emdto°'"tiona:eme^ ^'°p^lc8 '°" ""
JlhalbTnA;.obJect ofa variety ofdevelo ^dImp7eMations that

^^'^,^^l6WK^:B='^^^7^1^DMWach that articulates ^^^1^
^tv:[a^llrt !:pmral m.Ttì8Mim(')'he™a;^^^^^^ÌVels.onnDovation effort are analyzed as the^te7co^me4TfZpZffirc^Te^ww'^^=:^^^^
^^^STKW^T^^e^^^^ ^1^^'^M^:^^Z^^W^

^^:^^^:&c^:^^
.^p!emenTODOfour SSEenables us to exp1- the role of the creativez^m.lh:,Trtof.MiM^°:=8^I:^^^^^

the actual amount of technological knnwl.^»"
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^^*--I

tenns of productivity-enhancmgmnovation that enable firms^mcre^e^
p^:lp»^';Ue,:s»^^^^
^dZt^arkeTsmagnifìedby^^
^t^l^^high levels of rivalry and substantial heterog-^^
^^a^^wh.h competitors are based, stir the crea.ve resp^^s^'^'^^'^::^^^^^^3^ ^ght^about^the en^y of^w -P^0^^^
^^^^ oppo^ty to leamlTOm^^^t^^J^eÌ^tkn.wledge -P^vers tilatMllar^ti1:^^^^'tb^a.^.c'b.o^» f».te. Co.s^»^- i^to;^z ^^;^^m^^I'odl^a^i^^z^l^eÌs"ofmno=v^ion effort; and (ii) the larger finns^innovation effort, the

. in international product markets.
"^^^^'^t^^m^coM°tm^^

^^^~^^Ktawwsof:vstm^'.^^
^^^^-^^vmm^KW^^^7^
me^tuo\Zrrcap^"an°d output ^astic^-th;ydlltfom^p;^s;d°s^3'^b:^»^a..^^^^^
Zaltio7procedures7standard optimization procedures identify;h^com^^^^':^:^.^r^^:::^^^^reZoI'ogZl"knouw'ledgethat, at each pomt m time, can be regarded as a fixed
&S ,..e.™- ^isio. .. imonKmd;dm:;,fica';:;,f:h;r::;:levZ^rnnrvation'effort are implemented in the ,context_ofthe^at^

.^Ìon^making here is determined by the extent to^wUA^
"ra::,o::^v=,s^d,d»>..c^^^^^^
^To^Ìth ouut"oTequUibrium conditions facing the firm andmccnu^s to^e
rdZ.^"of"^m»k7co.d,.ions,e,,.ci.n^w ,.sp^te^^^^ s^ofknowledge.The reactivity ofmcumbents
and entrepreneurship play a central role here.

TZduof"Ìnno7^on effort becomes part of the ^ed^e^
fun^n7whfchdefine7theamountoftechnologicalknowledge^^^^^^^^^^iT^oTpToZ^^cZ"^^^^^^^
Xte.T^^"^:"u:t°~idmnfy'hediTCtoifr^^^^^^^^^^^^^LZ^e^^eg.ven^untoftechno^^^^
Z^::oT^o,'ogi;>IIa,.wl.dg.^^^^^^Lh^rfo-7rtuoTth:technology production ^^sadco^b^
rr:;^; ;h7o:tnut levels. Analysis of the role of technological knowledge
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p^-fonnanc^in terms of profitability and growth. The amount of innovation
Depends upon the extent to which the system is out of equilibrium.'

In the knowledge generation function, innovation efforts1 ar7articulated
througÌleaming procedurcs that e"able thè bottom-up bmld'-up"o7^Ìt
.knowl!dge.a"d comPetence and are d"iy ^PPorted by efficienc7wagestaDd
throughformal'bottom-down R&D activities- Because o7thep7rvasTv^
?e,ct,l(;fthel!mited exhaustiblllty °f knowledge, the stock of t^^l
kno.w;edgethat is Intemal to each firm ls as much a '•elevantand md^enTabTe
,clT!!meSinput as the stock ofextemal tech"°logical know7edge;'sp^
ing from other finns and research activities performed in the system^Zt fiirms
:l::X:Z:L;,"vi°effect8 of'he "mted ^^"-

^e cost of the technological knowledge generated at each point in time is
strictly contingent upon the costs of mobilizing t
and accessing and using external stocks of knowledge. When "the'costsTf
accessing and usmg external technological knowledge'stocks are low an7the
costs of knowledge as an output are below equilibrium levels, firms"
pecuniary knowledge externalities.

^The^amount of knowledge that comes mto the technology production func-
,tionis.twce endogenous as it depends on two distinctive andreIevanTsequeirtÌal

ers: (i) &e amount of innovation effort that has been selected according to Ae
context ^into which^the firm is embedded; and (ii) the levels of pecuBÌa
knowledge^extemalities as detennined by the size and compositi;n7fZ
stock ofquasi-public knowledge available in the system and the'condróonsTf
access to it. The size, composition, and access and use conditions of the stock of
leclmological knowledglplay a central role in our aPProa^ asthe'ydetermÌne
?e.coloftoowledge- The.lower the actual cost "fextema7knowkdge"the
lower the cost of the knowledge that becomes part of the technology proZcton
function and the larger the positive effects on TFP. Finns thathDavera7c7ss1ol
alarge^stock of quasi-public knowledge and can use it at-low"'cos^7t^
recombmant knowledge generation function are able to generate new' bzow^
!edgllt.costs below equlllbrium aDd therefore can "actually Tmplem'ent
a native response and introduce productivity-^
lTvalons:Firms that have Do access to the stocks °fq"asi-pu^kno7ledg^
,andcannot take advantage ofrelevant pecumary knowledge'extemahtiesbTa;
^owledge costs m the proximity of equilibnum levels and°thu7c^mpkme^t
only an adaptive response and introduce novelties rather than'irmovatio'ns.The
,shZellh^plementation of a proper dlrection of tech""^al change, Ae
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In a closed economy, because of the limited appropriability of knowledge,
imitators can enter the marketplace and produce the very same products at lower
^because Aey do not bear the costs of mnovation efforts^ Imitative e^
^ve do'wn market prices and the profitability of innovators that can command
only limited transient monopolistic rents.

^"international product markets where competition takes place between
firms based'incapÌtal-abundant countries and firms based in labor-abundant
onZ competitorsxbased in labor-abundant countries can imitate new products
and^odurce'them at lower costs. In the new global economy, however, firms^
^eFdm"'ÌndustriaUzmg countries can take advantage of the globalizationrf
finan^al markets andtìie consequent access to financial resources with W
le^ls'of variance m global markets. Firms based m capital- abundant countries^
ca^n'oulonge7take"advantage of the shield provided by the local abundance of
"S&ese circumstances, firms based in advanced countries can try to identify
other key'inputs that are not only locally abundant but also exclusive bec^se
Aerare roofed only within their own systems. Identification °f"ote^mPU^
Aa; ar7chara7terized by high levels of resilient exclusivity plays a central role
Ìn"shapmg'the factor intensity of the direction of the "eatlvercsPons^Fmns
able"toi7entify inputs that can be accessed and used in local factor markets^
acuosteThat'are lower than m the factor markets where competitors are baseband
exptoùtìiem'by systematically directing technological change^ toward the^
^ensive'use/maybe able to increase not only TFP (at rates that^are larger
theTow'er the costs of such inputs with respect to those of other local inputs) but
akTthepTOfitability stemmmg from the ^oduction of dlrected and_tosed
technologica'lchange. Competitors may be able to imitate but cannot replicate
the cost conditions of innovators.

7biriZmore~and more, the case of technological knowledge^ advanced
coun<xies"have built a large stock of technological knowledge and have been
ablTtodaborate sophisticated knowledge governance procedures that enable
LTal^nns'to'access and use it at low costs. Access to the local stock^of
t^hnological knowledge and the protocols and procedures °"°cal knowledge

teo7emance^much more difficult for firms based in industrializing countries
^here7on the contrary, the stock of knowledge is relatively scarce and its accesa
cTsTmuch'Ìargerthan those of the other local mputs and thetoowledge costs of
ad^ncTd economies. The strategic knowledge-intensive direction oftechno-
L7caÌ'change toward intensive use of exclusive knowledge inpute Aat^are
loSy abundant but not accessible at the same conditions by rivals in inter-

1
l
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cannot use the very same factor markets can imitate but cannot produce at the
same costs.

The brge size of the stock of technological knowledge available in advanced
.rountri!Tduces the lcnowledge-lnte"^ve direction of techBological" change to
!nCTease.the.actual levels.of knowledge aPPr°P"ability:~Thiscin^muS
mnovative efforts that further trigger the accelerated accumulation o7teJchZ
lo.glla!knowledgeand henceincrease the incentive to direcTtechnoTog^al
chaDge.as a competitive too1 within a Schumpeterian spiraling-loop"The^o7e
rcsl!ÌeDt.thetoowledge cost_asymmetr^ the stronger Ae spTrahngloop com^
pltg?eselectivetoowledge-inteDsivedirectionoftectool°g^h^
knowledge appropriability, the rate of technological advance;^dth7a^um^

of knowledge.

.Thlknwledge and the human capital intensity of c^nt technological
change reflect^the strategic outcome of rivalry in global producTmZs
between finns^based^in advanced countries and"firms"based m'labor markete
characterized by high levels, in both relative and absolute tenns7of"cos7of
knowledge and human capital. Finns based in such labor markets have access to
low:costblue:collarlaborandintematioDalfinancialmarket^hatred^^^^^^^
loslaTmmetries .but very expenslve skmed labor and access to knowledge
stock. Firms based in such factor markets can take advantage of the" limited
appropriability of technological knowledge and imitate "the -
m.tens teclmologies introduced by their rivals based -i" knowled^
abundant countries but cannot replicate their costs. Firms based ina"dvanc6ed
countries, on ^contrary, can take advantage of the endogenous'andhenc^
rc.Tent!upplyofknowledge at low costs and increase the knowledge mtenTi
lfth!irproduction- The.knowledge and skilled labor intensity of teThnologTcaÌ
lhanìe mables them to illcrease not oriy Product^y but also profitabHitTand
growth. The larger the cost of the basic mputs (capital and labor) m"adv^ed
LOUDtnes.and the larger.the diffel;ence betwe^the cost of know'ledge'h
,adva,Td countries and the cost ofknowledge m mdustrializmg'comp'eSors1
m global product markets, the larger the output elasticity'o7th7sToctk^

^The^strategic direction of technological change helps finns improve their
LeLfmnan.ce.on,two counts:(1) matchlng between levels °ffa^r7ntens^
d.etemlÌned.bytheoutput elasticlty of "P^s, and their"re7ativ7cos7heìpjs
mc^ekvels^of productivity; amd (u) selective increase of the outpmdasl
city ofmputs that are not only cheaper but also rare and moreTostIy'forZls
and.lmÌtator!based in other factor markets helPS mcrea^ thè de'facto'apprT
nnahili^r /^-P+l,^ +^.^—--. .
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ons, the final step of the SSE we are implementing in this Element.^ The
nee equation establishes a direct causal relationship between Ae level
nance m terms ofTFP and the cost of knowledge. The performance

ration shows that performance will be larger the lower the ^°^0^
a^duth7stronge7the output elasticity of the technological knowledge in the
technology production fanction.

'The'stategic introduction of new technologies biased toward high
knowkdgearó human capital intensity yields a Schumpeterian loop where ®^
JequÌUtóum conditions triggered by fast rates of gl°bauzation s& ;h;CTeati^e

affirms that can take advantage of relevant pecuniary knowledge exter^
^"'(S'tfand^a creadve response is able to mcr.ase^ b^^
^ten^evuse"ofAe quasi-public stock of knowledge that is locaUy^bundan^m
Zanced'countries, (Ìii) which tnggers a resilient and competitive advantage that
^"Ìs'long-Tastmg because the endogenous knowledge ^dowment^mCT^S
^owkdgTcost'asynunetries, augmenting the levels of de facto appropriai

^Triggers an mcrease of both market shares in global markets and perform-^
^lmte^of~productivity, profitability, and growth. TOs stirs new waves rf
knowkdge^ntensÌve creative response that display ^°ngPath-dePendentdy^m;
^b7m&eans"of which, at each point in time, past conditions exert strong effects
that, however, may be changed by small events along the process.

2.4 Innovation as an Emergent System Property
The evolutionary complexity of the creative response approach enables us to
untostandwhy^and how innovation is an emergent system property that takes

Fwhen the system of interactions and transactions among the agents ^
characterizedby high levels of complementarity and convergence. ^
points are necessary to grasp this statement: let us consider them in turn.
. Economic systems are characterized by the mtrmsic heterogeneity of agents^

Fdlfferwhh respect to their competence, the size and composition of
Sr"own"stocks of technological knowledge, their research strategies^and
AeÌr access'to"the stocks of quasi-public knowledge of the systems m which

. SpTceTystemdoes not convey all the relevant information: after transac-
tions, it is interactions that matter most.

. Fu.HS'mteract'in both product and factor markets. Interactions m^product
maAets""eaable- them' to absorb the knowledge spillovers of ^rivaK
factions in factor markets enable them to absorb extemal^knowledgejia
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. Generation of technological knowledge is indispensable to introduction of
teutT.THDnovatlons-Levels.ofinnovation effort are determined b7the
changing evolution of product and factor markets.

' neleveìofknowledge.that each fim ls able to genera^ with their given levels
ofu^novative effort, are detennmed by the size, composition: and accte^and >usea
^tions^ofthe stock of knowledge of all of the ofter agents m theTysTem.^

• lowing how complementary the different pieces ofmtemal'and'extemal
falo^edge.arcisessentlal to assessmg the actual amount'ofknowkdgeZt
each finn is able to generate.

. Identifying the specific characteristics of the composition of the local know-
ledge^stocks and actively searching for convergence" of "the Tnd7vÌd7al
rc!!arch.s!ategies of each firm arc key to tri^ering the necessary'compl;-'
m!ntaritytoenhance generation oftech"°l°gical knowledge'andhenc7the

I chances of making the response creative.
. Strategically directing the creative response toward intensive use of exclusive

inputs that are not only locally abundant but also more expensive for'com^
3rs increases both productivity and profitability.

'  eCTeative resPonse sti^by out-of-equiUbrium conditions in product and
factor markets may trigger long-Iasting-Schumpeterian-loops"o7recuurs^

: that exhibit strong path-dependent dynamics.
. The Schumpeterian loop is resilient if the changes m product a^d factor markets

^id m the architecture of transactions and mteractions t
Algellerationofnew lfll.owledge and by the creative ^pTnse'attoeTsuP^rt
^creative response at tune . +7. The Schumpeterian loop stop7when7he
^eZeesr^ne Ae stmcture of interactions and ^sacfcnsThat f:Jor ^
MImTtÌonis^an emergent system propertythat takes P^ ^hen agents are

^to;TmTconvergent research strategies ^f^r^^^^n^n^te?ological knowl"lge- Firm^: ^a^Z^
aniexpl.Tg the.latent comPleme^rities betwee:thei7own7es^ch^
S!^aDdthe_speclfic characterist- °^e locai ^asi;ubl^tocl^
!^S<"hnological knowledge can lead to ^ementingactualcoaUti^fo;
?Th^reeacha8ent is able to contribute' atlts own ^cificla;;;;^
^^^Zz^wi cw—^^^^

3 The Innovation Function
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This sectinn rlicr'n ,,!.. l

such as the entry of new competitors, changes in aggregate demand, changes^
ron^mcTprefcrcnces, the introduction of mnovations by —Perito;s^d
^:Ìn'input costs. Analysis of the creative -sponse^^ ^
^definingThe innovation fì^nction, that is, the ^"Hntof^o^ve effort
Aat7achfirm is able to mobilize to cope with out-of-equiUbnum conditions m
PA^ntmntioanaOTaZn^ to new knowledge generation is undertaker
New^chnological'knowledge does not fall like manna from hea^^a^o^d
a^ayo7acdvitTes"is'necessary to activate the innovation process. They include
not only R&D activities but also dedicated learning activities.

VMso, R&D expenditures cover only a subset of the activities that are^ces^
ogical knowledge that has been generated and

cumulated over time. Investment in intangible assets Provides"riróMepr^
fo^elb7oad array of activities that are necessary to explore the existmg stock^of
too^edg7as"well as to access, retrieve, learn, absorb, ^d eventuallyreuseAe
^"owleSe Aat has been produced in the past, both internally and ^temaUyto
AeufìrmTmi7vative efforts are indeed necessary also to absorb external know-

(Cohen and Levinthal, 1990).
Teaming Provides an indispensable contribution to ^nerating Dewtechno;

logÌ^l^ledge: Learning is the prim^ source °ftaci^^e^^d
cTmpetcnce; However, learning itself is not ^ontaneous-Efficiency,,wal"
^l^cels^to"supportand valorize the accumulation °^omPete^and
^iFknZTedge byrmeans of learning by doing^stirrmg^the creativity of
motivated workers (Stiglitz, 1974; Shapiro and Stiglitz, 1984).

±"At'this"first-stage^the innovation fanction, firms decide how broad arrange
of Ìnn^ation efforts to engage m, based on their firm characteristics, previa
LleZente^ndaccumurated knowledge, as well as the local context Th^
s^ficTc'umstances'offinns that are'trying to meet changing product and
factor market conditions play a key role at this stage.

3.1 Entrepreneurial and Managerial Characteristics
The entrepreneurial characteristics of firms play^a central^role. Man^genal
d^^akmg'is'combined with entrepreneurial capabilities m incumbent
^"ch aTm'newcomers. Here, the contribution of "The creative^esponsem
rcon^hÌstory" is most relevant: entrepreneurs are not only the founds o^
^ar^wcomers but also the managers of- large - incumbents. Firms differ
^"respect'to their reactive capabiUties: some firms are slower and ^ less on
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unc^ertamty than others. Here, national traditions and culture matter together
with managers' selection mechanisms, their human capital YevelTandTducZ
!ronaLtkgrTdsm tenns.ofsclence'techn010^ engineering; and math7m-
ati.cs^(STEM)'thecharacteristi" °f financial markets, and ^7^011^0^
and economic attitudes toward - past - failure.

3.2 Performance Level

The levels ofperfonnance of firms exposed to out-of-equilibrium conditions are
also important. Here, a typical U relationship between perfonnance7ndmxno7
aticM. effort, forgiven levels ofout-o^equiUbrmm conditions^t^k.^s
WIA.above-average perfomlance and large Profits experience Timited^uu
constraints. Internal funds can be mobilzzed and invested in mnovation'e7forts'.
andthe^r benefits mtenns of equity can be appropriated without the UmÌtTo°f
credit. Firms with high perfonnance and large mtemal liquidity' are lÌkdy to
elaborate quickly mnovative responses to out-of-equilibrium conditToiis'oftheFr
product and factor markets. At the other extreme, firms with7ow7evel7of
perfomiance are better able to accept the high risks of innovation efforts as
they^have almost no alternatives. Innovation efforts are-th'e "last" change 'to
sumve^Agam, these finns_are likely to exhibit Ugh levels of elasticity to out^
o^equiHbrium conditions. Firms close to equilibrium conditions"with(;nonna7"
kvels of profitability are more exposed to credit constraints'and less able toZe
&e high risks of the generation of technological knowledge-and7s"expk,Ìt'Jon
^ththemtroduction ofinnovations: ^ ^hibit lower levels of rearóvityand
low kvels of elasticity to the very same out-of-equilibrimn'conditions"

Jhe width of the U-shaped concavity reflects the institutional" context of
action into which firms are embedded. Systems where tough selection mechan-x
i^are at work are litely to have a short width of concavity^ ther^ti^Ì^
lffimll!slimlted and'especlauy'any forced exit takes piace mpidlyltThe
distnbution of property nghts ancfthe active role of shareholders Tn'the maZ
aglTLOffirms are likely to increase the wldth of the concavity:'when
folders retam an active role, the distribution of profits mtennsJofdÌ^
dj^is larger; the retained share available to managers-to'fund mnovaZn

is consequently smaller (Antonelli, 2018c).

3.3 Firms' Size

Th!.._size offims engaged in the selection °f innovation efforts matters, fa
:rt::ui";r":°d mTum-8izcd eMCTO <SME8> ^^"^;:..::

n
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constraints and knowledge and human capital shortages - and strategic chal^
k"ngesmÌÌk7reachmg criticai scale, access to complementary resources, and
lack of reputation (Teece, 1986).

Tfa7as7mallvand young companies are concerned, the strategic cho^e
concemÌng"whetheror not to engage in innovation activities is ^cedb^
a^mberof barriers and incentives with which they are confronted due^o t^
UabTlÌties of newness and size (Autio, 2005; Baughn and Neupert, 2003yThe
rnTin burners to innovation efforts for SMEs and young companies are related to
th^p^imaiyTnputs, that is, capital and labor (Sòderblom et ^. 2015). U^
alÌmos7un^ersaUy "acknowledged that small firms, specially in^thei^early

,'of development, are subject to important financial constraints (Storey
lnad6Tether7l998rRevest and Sapio, 2012). The financial literature has provided
^ple"e7idence"ofthe existence of resource constraints and fce"negati;e
effects on small and young companies' performance (e.&^Fazzan et al.^
^TS; Errand Jovanovic;1989; Holtz-Eakin et al., 1994; Blanchflower^and
Oswuald,'T998).~These financial constraints may mdeed ^P^such^^s
beanngthe high expenses associated with the innovative process (Hall^OO^

^Prev&iousliTeratoe empirically confirms that the high costs^associatedwifh
fonnalpTotection mechanisms are one of the main obstacles for start^p^and
W±>toirelatively low demand for patent protection (van Pottelsberghe de^la
Pottene'and Francis, 2009; Graham et al., 2010). These costs include proces^
andTan"slMion "costs, external expenses, and maintammg, ™torin^^d
^nforcmg'costs (see van Pottelsberghe de la Potterie^and Fran^ois^OO^
F^he^oreTsmaÌland young finns often lack financial resources with which
tougain7ccess-to and control over the kind of comPlemental.y assetsie,gj
duis^utionwchanneTs7brand recognition, external knowledge) that are needed
^com'mercialize the results of their innovation activities and are thus forced to
^y^nTooperationwith external partners, at least in their ^stage^oj
d^elopmen^thus partially failing to appropriate the returns of their innovation

"As far as labor is concerned, the main barrier to innovation efforts^facedby
smaU ^nd young finns concerns the rigidity of the labor market (ArvaA
21005; Zhou et'aF, 2011). This means that such firms face problems concemmg
how^torTduce high fixed labor costs, find qualified workers, and retain them by

h'eright incentives. These barriers may hamper these firms' innova-
^e'p"eArmanc°e. In this respect, the literature onlabor economlcs andmlu)v;
ationhas'provided evidence of positive effects that qualified personnel^xert^
^"mnovatrve'performance'and argued that flexibility may be particularly
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firms to use labor forces according to their available capital and thus to reduce
their overall fixed labor costs (e.g.. Storey et al, 2002; Zhou et al., 2011). This
helps such finns to invest larger resources into innovation activities. Moreover,
flexibility of contracts allows firms to improve employer-employee matching
and acquire new knowledge and networks of connections embedded in new
skilled employees (Kalleberg and Mardsen, 2005; Malcomson, 1997; Matusik
and Hill, 1998; Martinez-Sànchez et al., 2011). Finally, flexibility of contracts
can contribute to enhancing firms' innovation activities by attracting high-
skilled workers, increasing workers' creative effort and participation, and
easing knowledge sharing within the organization (Kruse, 1992; Collins and
Smith, 2006; Liu et al, 2017; Datta et al., 2005).

As for large firms, the Schumpeterian hypothesis is masterfuUy summarized thus
by Joel Mokyr (1990, p. 267): "large fìnns witìi considerable market power, rather
than perfectly competitive firms[,] are the most powerfal engine of technological
progress." Schumpeter, in Capitalism, Socialism and Democracy, went so far as to
claim that "perfect competition is not only unpossible but inferior" (Schumpeter,
1942, p. 106). The Schumpeterian hypothesis has fed a long-lasting theoretical
debate and the large empirical literature provides controversial evidence of the
advantages of large firms over smaller ones in respect of rates of generation of
technological knowledge and the eventual mtroduction ofumovations. The results
of empirical studies m different sectors, historical periods, countries, and regions
have not provided conclusive evidence (Link, 1980; Link and Siegel, 2007).^

Recent advances in the economics of knowledge enable us to focus the
Schumpeterian hypothesis on the knowledge generation activity and on the
kng-jasting effects of the limited divisibility and exhaustibility of knowledge.
The Schumpeterian hypothesis, in other words, would apply only to the size"of
the stock of knowledge and not to the sheer size offiims in terms ofemploy-
ment Following this approach, Antonelli and ColombelU (2015a, 2015b) argue
that the size of firms exerts negative - cost-reducing - effects when i^ is
measured in terms of internal knowledge stock rather than in terms of sheer
size. For a given size in terms of employment, firms with a larger stock of
internal knowledge have lower unit knowledge costs than firms with smaller
internal stocks. The advantage of incumbents, in other words, stems specifically
from the effects of knowledge cumulability and non-exhaustibility and is
specific to the size of their stock of knowledge.

3.4 Spillover Entrepreneurship
In a study of the knowledge spillover theory of entrepreneurshin (KKTP)
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economic systems, more precisely the specific influence of the characteristics of
local stocks of knowledge, understood as the set of knowledge and techno-
logical competences accumulated over time in a region, and the creation of
innovative start-ups. According to KSTE, new knowledge and ideas represent
a main source of entrepreneurial opportunities (Acs and Annington, 2006;
Audretsch et al, 2006; Acs et al, 2013).

In other words, new knowledge and ideas created in an incumbent organiza-
tion, such as a firm or a university research laboratoiy, but left uncommercial-
ized, may serve as a source of entrepreneurial opportunities. In fact, incumbent
organizations are often unable or unwilling to fiilly appropriate and commer-
cialize new knowledge and ideas generated within their research laboratories as
they lack capabilities or do not want to take the risks of introducing radically
new technologies onto the market; they prefer to focus on making small
improvements to their existing products and processes. As a consequence, an
opportunity to start a new firm is generated in order to exploit and commercial-
ize that knowledge and those ideas. In this context, starting up a new firm is
a mechanism through which knowledge spillovers from an existing organiza-
tion can create opportunities for a new finn to exploit.

According to KSTE, therefore, starting up a new firm is an endogenous
response to opportunities that have been generated, but not fally exploited, by
incumbent organizations. As a theory, KSTE is based on Arrow's (1962b)idea
that knowledge, unlike ta-aditional production factors, is characterized by non-
excludability~and non-exhaustibility. This implies that knowledge is not fully
appropriable and may spill over from the organization that Produces^tto a new
organization (Griliches, 1992). An important implication of KSTE is that
contexts characterized by greater amounts of knowledge generate more entre-
preneurial opportunities.

The main proposition that emerges from KSTE is that "contexts rich in
knowledge should generate more entrepreneurship, thus reflecting more exten^
sive entrepreneurial opportunities. On the other hand, knowledge impoverished
contexts should generate less entrepreneurship, thus reflecting fewer extensive
entrepreneurial opportunities" (Audretsch and Keilbach, 2007,p.1249).

Empirical analyses have been used to investigate and provide support to the
impact of knowledge spillovers on the entrepreneurial process. However, this
approach neglects that not only the size of the knowledge stock but also its
nature is of some significance. Technological knowledge is not a homogenous
good. In fact, a variety of competences are necessary to produce new techno-
Fogical knowledge. Recognizing the heterogeneous nature of knowledge means

r1/^/-l/T/^ mm^lnUI^ o+_-i- - -^. -^1-.A1<- -—^^«* ^fA^^
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impact on^the formation of new firms. In this context, reconciling KSTE with
the recombinant knowledge approach allows the features of th7local know"
ledgethat may^affect the formation of new firms to be better" quaÌÌfied
(Weitzman^ 1998; Fleming and Sorenson, 2001). Results show, howe7er,"that
local knowledge spillovers being available is not sufficient per se"toleadtoA"e
creation^of innovative new firms. If we look at the characteristics of AeTocaI
stock of knowledge, the creation of innovative start-ups in local contexte
lppearstobe triggered bythe combination °fa large variety of technologies;
marked by a high degree of similarity. ~ ' —~-—o"",

Colombelli and Quatraro (2014) analyze the differential contribution of hie
growth firms^(HGFs) to the process of knowledge creation, drawing'onThe

• on Schumpeterian patterns of innovation to constmct a <
framework, a la Schmookler. in which sales growth is the mo-tivatio7for
creating new technological knowledge. The empirical results show'that'mcreas^
ing growth rates are associated with exploration, supporting the idea'thatHGFs
^arekey actors in creating new technological knowledge and showing'to firms
that achieve higher than average growth focus on expforation b^d^'f^r
technology.^n other words, within the group ofHGFs, increasing sale7growTh
rates stimulate creation of new technological hiowledge and" drive Tearch
behaviors that are characterized by the screeuing of complementaty "fields
across the technology landscape that are not too far removed from the firm's
existing technological competences. In this respect, the distinctive'!
dynamics/ofgazelles are"kely to shape their Positive impacts'on'ÌnduT^

(Bos and Stam, 2014).

3.5 Operationalization of the Innovation Function in the SSE Model
falurssEmode1'the determinants "f intentional innovative effort are captured
by the iimovation equation, which explores what determines finns'decision'abou't
whether to implement innovation efforts and, if so, by how much. TheÌnnovatÌoun
equation frames the ingredients of the decision to innovate of each firm at toe
t-the levels^fentrepreneurship, the U-shaped quadratic specification'of
?oen^ance (n)'the size offirms' and the spillover entrePrene^p" as

INNOVATIVE EFFORTSjt

= (ENTREPRENEURSmP,, (-n + n2)^ SIZE,, KSTE,). (l)
The innovation effort of each finn at time. depends on a number ofmternal and
external factors like entrepreneurial and managerial ^r^^^. '^ZZZZZ l
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4 The Knowledge Generation Function
This section explores the knowledge generation function, the second step of
theSSE model,'and describes the basic ingredients and characteristic^ of the
recombinant generation process that goes from knowledge inputs to know-
ledge output. The analysis summarizes, first, the role of internal ™ovatrón
effOT'ts'andthe internal stock of knowledge and, second, the role of the
external"stock of knowledge. Analysis of the cost of knowledge concludes

^The'recombinant knowledge approach has paved the way to elaborating
a new frame of analysis that is able to accommodate the central^role^
^Ìstmg"knowledge,'including external knowledge, as an inP^ mtoAe
generation of new'knowledge. As WeUzman (1996, p.^ 209) recalk,J'whe^
reTearch'is applied, new ideas arise out of existing ideas^n some kind ^
cumulative interactive process that intuitively has a different feel from
prospecting for petroleum." This insight has led to the so-called recombmant
^pproach:new Ideas are generated by means of recombining existmg ^
underThe' constraint of diminishing returns to scale in performing the R&D
activities that are necessary to apply new ideas to economic activUies. The

/ knowledge stems from the search for and identification of
cements of knowledge that have been already generated for other purposes
and'yet'possess characteristics and properties that have not P^10^^
^m'Ìdered'.The search for existing knowledge items that can be recombined
and used as input in the generation of new knowledge is strictly necessary^
external knowledge is indispensable for the generation of new technologi.

"ExÌsto°g'knowledge is both internal to each firm, stored in the stock^of
competent and knowledge accumulated in the past, and external to it. 1
Iatte7cas7it~caD be accessed by means of knowledge interactions and
transactions with suppliers, customers, and other agents qualified by substan-
tÌaÌ'proximity. Appreciation of the generation of new technologlcaltoow;
Ìed7e"as"a recombinant process that consists of the reorgamzation
reconfiguration of relations among existing knowledge items enables us to
b7tter"Dappreciate the effects of knowledge indivisibility, articulated m
mternarcumulability and external complementarity in the generation
new knowledge. The generation of new technological knowledge, at
point m"time7by each^agent, m fact is strongly mfluenced not on^by^h^
Snal accumulation of knowledge but also by the flows and stocks of
knowTedge'made available by the other firms that belong to the system in
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4.1 The Internal Knowledge Generation Process:
and R&D

Internal generation of technological knowledge, an indispensable input for the
introduction of technological change, relies on two complementary mechan^
isms: the top-down and the bottom-up processes. Let us analyze then in turn.

The top-down process for generating new scientific knowledge consists of
the creation and identification of new broad general principles and laws that'are
eventually transferred into the production process. The literature has dedicated
a lot of attention to the top-down process and identified R&D activities as being
at its core. Firms invest in basic research, implement the results with applied
research activities, and finally transfer the outcome to the production side with
the development of prototypes and small-scale production processes to test and
implement the new technologies.

Bottom-up^ processes rely on learning by doing and by using. Learning
processes enable firms to build up a stock of competence and tacit technological
knowledge that is eventually the object of codification and generalization
(Peiirose^l959; Arrow, 1962b; Stiglitz, 1987). Learning, however, is ÌDtrinsic-
ally localized as it is based on the specific techniques through which it takes
place. The competence and the tacit knowledge acquired by means of learning
processes have a limited scope of application that is circumscribed within
a limited range of techniques measured by their capital intensity (K/L) in the
proximity of those through which the learning took place (Atkinson and Stis
1969; Stiglitz, 1987; Acemoglu, 2015). -°~"-'

The distinction between the two processes has been used to contrast them and
to identify technologies and industries where each would be more appropriate
for grasping the dynamics of technological change. According to JohnsonetaL
(2002) and Jensen etal. (2007) there are two alternative forms of knowledge and
imiovation mode. The first, the Science, Technology, and Innovation^STI)
mode, is based on production and yse of codified scientific and technical
knowledge. The second, the Doing, Using, and Interacting (DUI) mode, relies
on informal processes of learning and experience-based know-how. The two
modes apply to well-identified and distinct groups of firms that are active in
specific industries and technologies.

Recent advances in the economics of knowledge have enabled us to blur these
alternatives and highlight their intrinsic complementarity. The top-down pro^
cedure enables us to implement a certain amount of knowledge about the world
(know^-what)^ while the bottom-up procedure enables us to implement Ae
know-how. The STI and DUI modes, in turn, are strictly complementary and

"n
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Both codified and tacit knowledge are as indispensable and strictly comple-
mentary in generating new technological knowledge as the bottom-up and top^
down procedures are in accumulating complementary stocks of competence and
scientific knowledge. In this unified context where both learning and fomialized
research activities are necessary and complementary, the procedures by means
of which they are implemented concern the full array of industries, technolo-
gies, and firms.

"Learning is stirred by efficiency wages, that is, wages that are larger than the
marginal product at labor at each point in time ( but match the marginal product
at time t+1 that is possible to achieve by means of the workers' active partici-
pation and commitment. Efficiency wages are the basic tool that firms can use to
^tirthe dynamics of the learning process and to accumulate competence and
tacit knowledge. The participation of workers is as indispensable to starting the
bottom-up process of knowledge generation as it is to implementing the final
steps'of the top-down process of applying scientific and general tecbiological
knowledge to'the specific and highly idiosyncratic characteristics of the pro-
duction process (Stiglitz, 1974).

Efficiency wages are the counterpart of a gift exchange between employers
and employees. Employees donate their creative attention and learning capabil-
ities. which are not part of the standard labor contract. In exchange, employers
donate a wage that is in excess of the present level of marginal product
(Akerloff, 1984; Akerloff and Yellen, 1986).

The excess wage should at the same time compensate the worker for their
excess effort and enable them to accumulate additional competence that
enables them to introduce innovations that augment the marginal product
of labor. Successful innovation strategies based upon efficiency wages
represent intertemporal equilibrium: extra wages paid at time ( become
eqmlibrium wages'at time t+1. Efficiency wages are successful when firms
are able to stir and capitalize on their workers' learning and then transform
those'workers' tacit knowledge into an input to the effective generation of
new technological knowledge and the eventual introduction of new superior
technologies.

An augmented learning strategy includes efficiency wages and
skill and'human capital intensity even beyond the requirements of the current
job assignments. Learning capabilities are in fact increased by the enrollment of
qualified personnel with high levels of human capital that are better able to
contribute to the accumulation of tacit knowledge because of their being
endowed with greater skills than are strictly required for their current tasks.
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Combination of efficiency wages and exta-human capital identifies the broader
strategy of job enrichment. The analysis of the social conditions of innovative
enterprise elaborated by William Lazonick (1990,1991, 1992, 2010), from a very
different methodological perspective, stresses that the cental role of learning in the
organization further enriches the efficiency wages approach.

The stock of competence and experience accumulated by each firm matters as
much as the flows ofR&D activities and learning efforts. The internal stock of
knowledge includes both the items of codified knowledge typically represented
by the patents granted to each finn and the tacit knowledge accumulated by
means of structured learning processes. Not only the size of the internal stock of
knowledge is relevant; the composition is relevant too, in tenns of both the role
of codified and tacit knowledge and the different types of knowledge accumu-
lated, in tenns of technological fields of expertise.

4.2 External Knowledge in the Recombinant Generation of New
Knowledge

The limited appropriability of knowledge triggers spillovers that yield external
knowledge. Identification, appreciation, and accurate selection of the proced-
ures and mechanisms that enable finns to access and use the spillover of
external stocks of quasi-public knowledge become a crucial factor of strategic
management. Technological knowledge in fact combines limited appropriabil-
ity with limited transferability (Antonelli, 2022a).

Of course, access to and use of external knowledge are not free: relevant
absorption costs are necessary to take advantage of spillovers. Already,
Mansfield et al. (1981) have shown that imitation is far from free. Imitation
costs are high and strongly influenced by the size and composition of the stock
of knowledge available to imitators. Absorption of external knowledge requires
dedicated and intentional activities. Appreciation of absorption activities and
costs has two important consequences: (i) knowledge externalities reduce the
cost of knowledge inputs and, as such, are pecuniaiy rather than technical; and
(ii) the cost of external knowledge varies across finns, industries, regions, and
historical time. It is far from homogenous and steady; it can be low in some
circumstances and quite high in others.

Much work has been necessary to identify and explore the variety of sources
of the stocks of quasi-public knowledge, on the one hand, and the variety of
mechanisms and conditions that enable and qualify its access and use as an input
in the recombinant generation of new technological knowledge, on the other
(Antonelli 2019b). External knowledge consists not only of horizontal spill-
n^^^rc hnt a1o<->/^-Fx?Ay+i^,n1 n+^/l/.I;^^/^^^1 ^„__ '-ri_ _ r .• ,. i < .
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vertical, and diagonal flows of knowledge spillovers is an important and recent
acquisition. Spillover analysis originally focused on horizontal spillovers that
flow within industries among finns that specialize in the same product range.
Appreciation of other sources of external knowledge has been a major conta-i-
bution of the economics of knowledge.

Relevant knowledge flows take place vertically along the user-producer
interactions that complement and support transactions along value chains.
Customers are sources of important knowledge for competent sellers that are
able to learn from the suggestions and problems experienced by downstream
users. Downstream learning by using can complement upsfa-eam learning by
doing. Here, vertical Jacobs knowledge externalities play an important role and
favor the growth of industrial districts away from their original moao-industrial
basis. The Marshallian tradition based upon appreciation of mono-industrial
districts is enriched by appreciation of the variety of suppliers and of their
interactions with customers (VonHippel, 1988, 1994, 1998).

Many seemingly unrelated activities yield important knowledge spillovers.
Here, diagonal flows are at work: applications implemented in industry A can be
successfaìly used in industry B even if no transaction flows take place between
A and B. Diagonal spillover flows take place especially when general purpose
technologies apply to a variety of activities (Bresnahan and Trajtenberg, 1995).

Being able to access and use the broad variety of available spillovers requires
use of an array of dedicated activities. Next to imitating competitors in the same
product markets, these include the broad range of activities that enable absorp-
tion of useful knowledge generated by users and customers, providers of inputs,
universities, and other research centers: location in selected regions, valoriza-
tion of user-producer relations, systematic interaction with universities and
research centers, inclusive search for talented personnel, targeted cooperation
with specialist providers of knowledge-intensive inputs, and takeover of new
start-ups and small innovative firms that command useful knowledge

Clustering affirms within a limited geographical space helps the interfirm
mobility of qualified personnel and the dissemination of technological know-^
ledge. MarshalUan externalities that spill vertically across the different stages of
the value chains within industrial districts help specialization in narrow techno-
logical fields. Jacobs externalities, on the contrary, play a cmcial role m
recombinant generation of new knowledge to positively impact the variety of
firms and industries that are colocalized in proximity. In this respect, geograph-
ical closeness between firms and universities is of particular importance
because the exchanged knowledge is cumulative, localized, and tacit in nature,
fllìnwine local firms to access the results of academic research more easily
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B- Geographical proximity is not the only thing that matters; other forms of
proximity ^such as cognitive, organizational, and technological closeness'are
essential for both the learning process and the successful generation'and
exploitation ^of knowledge and capabilities (Boschma and Frericen,20Ua^
20ub'.BOSChma'.2005)-.Next to geograPhicaI Proximity, technologicafprox^
imity, defined as the level of overlapping of the knowledge bases rfmterarting
partnersLin factplays a central role in reducing abs^tion costs and fostering
pecuniary knowledge externalities (Jaffe, 1986; Colombelli et al.. 2013, 2014)°
Technologica^proximity may substitute for geographical proximity: fimiswitii
high levels of technological proximity may prefer to cooperate with~distaat
partners to reduce the risks of opportunistic behavior and better identify distinct
geographical markets in which they can exploit the results of the common
research.

fa line with these arguments, localization strategies are relevant as geograph-
ical proximity helps with access to existing knowledge. Geographicaldo^eness
among local innovation agents (e.g., firms, universities, R&D organizations) is
indeed important because the exchanged knowledge is cumulatlve,--localÌzed^
and tacit in nature (Antonelli, 1995). Moreover, geographical proximity m'ay
strengthen other forms of proximity - for example, cognitive, organizational,
and technological proximity - that are key both to the learning process and to
Seossc^s2f^5reratlon and exploltation ofknowledge and capabiUties

Recent investigations have explored the role of the complexity of the stock of
knowledge defined as the outcome of the combination o/the variety and'ranty
^the items that qualify a stock of knowledge (Hausmann and Hidalgo^009,
2013): Accordingto the results °f the empirical investigations ofAntoSli-e7al'
(2017) and Antonelli et al. (2022), complexity triggers positive effect7in the
recombinant generation of new technological knowledge but it can limit'its
exploitation in the technology production fìinction. The complexity ofthe'stock
of knowledge augments the scope foi- recombination and hence the'amomitof
knowledge that each firm is able to generate with a given budget.~0nthe'other
hand, however, it has a negative impact on the exploitation of"a highly hetero"
geaeous stock of knowledge that may be larger than the positive indirect effects
of the larger amount of knowledge generated upstream.'

The role of universities as providers of external knowledge becomes most
Levant m this context. The literature has emphasized that^many IctorsFat
different levels of analysis, may affect the effectiveness ofknowledg'etrans'fer
from universities to firms (Muscio and Vallanti, 2014; Bruneel et-aL°2010)"

At the university level, the ability of academe, tn tr.r,o^ ^^-,7_/.'._,
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institational and organizational resources of the university. Since the upsurge of
the'third mission," academic institutions have increasingly faced tensions
between academic excellence and research commercialization.

"Previous works showed that universities need to manage this tension by
acting as'ambidextrous organizations (Gibson and Biricinshaw, 2004;^Raisch
andBirkmshaw, 2008; Tushman and O'Reilly, 1996). This is possible toough
creation of dual structures that provide universities with the simultaneous
capability for two different but interrelated activities, that is, achievmgaca;
de^ic'ngorand coamiercialization. These dual stmctures include academic

, -the traditional academic part of the organization in charge of
scTentific excellence - and Technological Transfer Offices (TTOs) ^ separate
entities within the organization that focus on the commercialization of academic
research by acting as brokers between academia and industry (Ambos et al.,
2008;'Chang et "al., 2009). Ambidexterity allows universities to combine
exploration and exploitation strategies. They can exPlore new avenues through
ba^ic research and academic excellence while also exploiting the technological
knowledge accumulated over time at the local level, through applied research
that'is'mDore oriented toward the commercialization of scientific results. This
exerts a positive impact on the generation of regional knowledge and innovation
processes, which are affected positively by a mix of exploitation and explor-
ation of the existing technological knowledge.

"The effectiveness of academic knowledge transfer is also affected by^firm-
leveÌ'factors. A key firm-level factor that can influence the effects of academic
research on regional innovation dynamics is the absorptive capacity of local
firms (Cohen and Levinthal, 1990; Fritsch and Kublina, 2018; Qian and Jun&
2017). The knowledge generation process requires a combination of diverse and
complementary capabiUties of heterogeneous economic actors (Nooteboom,
200(S)"However, given the tacit and idiosyncratic nature of knowledge, such
a recombination process is not easy. Effective transfer of knowledge from one
organization to another requires the recipient organization to have a^^h
ab°sorptive capacity for identifying, interpreting, and exploiting new knowledge
(Boschma, 2005). _ ^ ..._„„:,

"In this vein, Laursen et al. (2011) showed that geographical proximity
inc'reases the probability of collaboration between universities and finns.
Interestingly, they also found that such a result is stronger for firms with low
absorptive capacity. Unlike firms with high absorptive capacity, such firms may
not have the capacity or the resources to collaborate with geographically distant
universities. Firms with low absorptive capacity are thus more inclmed to

1^1 ,^,,,.r.,tv nflrtnp.rs. However, the capacity of actors to absorb-.l-n.
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the same knowledge base are more likely to learn from each other. The effective
transfer of knowledge from a university to local firms is thus affected by the
degree of university-firm technological proximity (Boschma, 2005).

Finally, the effects of academic research on regional innovation dynamics are
also influenced by the presence of a socioeconomic context that enables university-
indusùy links (Braunerhjelm, 2008). Knowledge generation depends upon tfie
ability to effectively coordinate the knowledge recombination process and the
exchange of complementary knowledge among organizations within the local
system. Transfer of complex knowledge thus requires close relationships between
agents (Hansen, 1999; Cooke and Morgan, 1999).

In line with these arguments, Colombelli et al. (2021) developed an original
framework that identifies a taxonomy composed of four models of univereity-^
region technological evolution. The taxonomy is based on two dimensions: (i)
the direction of technological evolution, which allows divergent processes to be
distinguished from convergent ones; and (ii) the leading role of local univer-
sities versus firms in the entry of a new technology, which allows region-pull
versus university-push processes to be identified. In divergent processes, the
technological specialization of universities and local firms follows different
trajectories(Acosta et al., 2009), while convergent ones are characterized by
increasing technological proximity over time between local firms and univer-
sities (Calderini and Scellato, 2005; Braunerhjelm, 2008). In the case ofregion-
pull processes, local firms exert the leading role and guide the evolution of the
local technological specialization (Coronado et al., 2017), while in university'-
push processes, regional technological trajectories are driven by local univer-
^ties through their entry into new technological fields (Calderini and SceUato,
2005; Braunerhjelm, 2008).

By combining these two dimensions, the taxonomy leads to identification of
four possible models ofuniversity-regioa that are influenced by the specificities
of the local universities (university exploitation versus exploration strategies),
the degree of innovation capability'and absorptive capacity of the local firms
(high versus low absorptive capacity), and the strength of the links between the
local firms and universities (tight versus loose innovation ecosystems). The four
models are:

• convergent-region-pull processes in which the technological proximity
between fimis and universities increases over time as the result of a tight
local innovation system sustained by strong university-industry links
(Hansen, 1999; Cooke and Morgan, 1999; Braunerhjelm, 2008). Theproc'ess
is mostly pulled by local firms that have high innovation capabilities and is

nv»t^/^t*^-/^/^ I»»T
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local knowledge and technological specializations. In this configuration,
universities adopt exploitation strategies that are aimed at leveraging know-
ledge accumulated over time at the local level through applied research
projects developed in collaboration with local finns (Ambos et al, 2008;
Chang et al., 2009);
convergent-university-push processes that are also characterized by tight
local innovation ecosystems. However, in this case the leading role in the
technological specialization process is played by local universities, which
follow an exploration approach and thus contribute to the development of
new knowledge and competencies in the local ecosystem (Ambos et al., 2008;
Chang et al., 2009). The convergent process is made possible by the contin-
gent high absorptive capacity of local finns;

. "divergent-miversity-push processes in which the presence of universities
entering into new technological fields is not enough to support a convergent
process. If such universities are located in a loose innovation ecosystem,
composed affirms with a low absorptive capacity, the evolution process may
not lead to a convergent technological specialization process;

. divergent-region-pull processes that are more likely to occur in areas where
local firms are characterized by high innovation capabilities and local univer-
sities adopt exploitation strategies, but their research and innovative activities
are loosely related.

4.3 Kremer Complementarities in the Recombinant Generation
of Knowledge

External stocks of knowledge are an essential and strictly complementary - as
opposed to supplementary - input into the generation of new knowledge. At
each point in time, no agent possesses all the knowledge inputs that are neces-^
sary to feed the recombinant process. Hence, agents need to access the variety of
knowledge items that are possessed and used by the other firms and learning
institutions that belong to the system. Both the search for and the absorption of
external knowledge are necessary. External knowledge and internal R&D and
learning are "Kremer" complementary.

It is important here to stress the distinction between Edgeworth and Kremer
complementarity. According to Edgeworth complementarity, two activities are
complementarytf doing more of one activity increases the returns from doing
the other (Milgrom and Roberts, 1994). Edgeworth complementarity applies to
two interdependent yet separate activities, but not to the (constant returns to
scale) production processes or, specifically, the knowledge generation process.^
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a constrained choice and includes the well-known possibility that, within the
constraints of their relative costs, in order to increase output, it may be neces-
saiy to increase the amount of external knowledge and reduce the amount of
internal knowledge, or the other way around. An increase of pecuniary know-
ledge externalities stemming from reduction of the screening and absorption
costs of external knowledge leads to reorganizing the knowledge generation
process with the fruitful substitution of (more) external knowledge'for (less)
mtemal knowledge, which makes it possible to increase the knowledge output
Yet none of the two inputs can be reduced to zero levels. The 0-ring production
process seems the most appropriate representation of the recombinant gener-
ation of technological knowledge where substitution between the basic inputs
can take place but only within the well-defined limits dictated by the intrinsic
complementarity of the inputs (Kremer, 1993).

In sum, new knowledge can be generated, by means of the recombination of
existing knowledge items, when, where, and if:

(a) an intentional action directed toward its generation is undertaken. New techno-
logical knowledge does not fall like manna from heaven; a broad array of
activities is necessaiy to activate the recombination process. These include
R&D and learning activities, as well as other activities that are necessaiy to
access, retrieve, learn, absorb, and eventually reuse the knowledge that has
been produced in the past. This knowledge is stored in the stock of knowledge
and competence that each fimi has accumulated, on the one hand, and in the
stock of knowledge that is external to each finn, on the other hand: this
contrasts with the passive attiftide that normally characterizes prospective
users of technological spillovers. Learning activities are necessary in order to
exploit the technological knowledge that has been generated. And while R&D
expenditures cover only a subset of the broad range of innovative activities.
investment in intangible assets provides a reliable proxy for the broad array of
activities that are necessaiy to explore the existing stock of knowledge, both
mtemal^and external to each firm, in order to master the recombinaró gener-
ation of new technological knowledge and exploit it;

(b) the knowledge base of each firm is identified, and the role of previous
knowledge is fully appreciated. The knowledge base of a firm is identified
by the size and composition of the stock of knowledge that each finn has been
able to generate in tfae past. The knowledge base exerts its positive effects in
the long run and enters the knowledge generation function directly as an input;

(c) external knowledge is a cmcial, indispensable input into the generation of new
technological knowledge. Because of the localized character of knowledge
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has access only to localized knowledge interactions and extemaUties, that is, no
agent knows what every other agent in the whole system at large knows.
Consequently, proximity in a multidimensional space, in tenns of distance
among*agents and their density, matters. Agents are localized within network^
of transactions and interactions that are localized subsets of the broader array of
knowledge externalities, interactions, and tansactions that take place in fee
system. The wider and easier the access to the localized pools of knowledge,
the larger the amount of technological knowledge that each firm is able to
generate for given levels and composition of the internal stock of knowledge
and the amount of current efforts in R&D activities and leammg;

(d) the stocks of external and internal knowledge and the external and mtemal
flows ofR&D activities are mutually complementary. This has two important
implications: (i) no agent can generate new technological knowledge without
access to external knowledge; and (ii) no agent can generate technological
knowledge without appropriate internal research and leammg efforts, even in
a context'that provides rich knowledge externalities. In other words, finns that
have no access at aU to external knowledge cannot actually produce any new
knowledge even if they are able to mobilize large amounts of internal know-
ledge by'means of R&D activities. Firms that have limited and expensive
access to external knowledge can produce, with a given budget, a small amount
of tecbiological knowledge at higher costs. A finn that does not fìmd or
perform any R&D activity cannot benefit from knowledge externalities and
is unable to produce any new knowledge; similarly, an isolated finn localized in
a context that does not provide any knowledge externality cannot produce any
new knowledge.

A large amount of empirical evidence shows that strategically implementing the
Kremer complementarities between bottom-up learning and top-down research
activities as well as the internal and external knowledge stocks in the knowledge
generation process is indispensable in the generation of new knowledge and
sequentially for the growth and performance of incumbents and the creation of
new firms (Antonelli, 2022b).

4.4 The Cost of Knowledge

The cost of knowledge is an important area of investigation that has so far
received very little attention. Now that we have introduced the knowledge
generation function, we can introduce the analysis of knowledge cost

So far, technological knowledge has been analyzed as the output of a dedicated
^^^. o.ti,nu, intsntinnaDv nerfonned bv each firm. Working along these lines,
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In this second step of our SSN, given the levels of innovative efforts (IE*)
identified in the first step, firms try and generate the maximum amount of
technological knowledge taking into account the unit costs (uc) of the broad
array of innovation activities and their Kremer complementarities.

The knowledge generation function (Equation 2) identifies the key detennin-
ants of Tu, which is the amount of knowledge generated by each firm at each
point in time, as the dependent variable of four sets of independent time-varying
variables - the amount of formal R&D efforts; the efforts to mobilize learning,
including the levels of wages and human capital that are in excess of the short-
term labor productivity; the specific relevant characteristics of the internal
knowledge base; and the amount of external knowledge. Equation 3 identifies
the budget constraints:

T,, = (R&,D,t,LEARNINGit,KNOWLEDGEBASE,t,
EXTERNALKNOWLEDGEit} (2)

IE* = (UC(R&D), UC(LEARNING),
UC(KNOWLEDGEBASE), UC(EXTERNAL KNOWLDDGE))

(3)

In Equation 2 the output measure can be gauged by patents granted to each
firm and by a broader set of qualitative indicators that include the number and
relevance of innovations introduced.

From the knowledge generation equation it is possible to derive the know-
ledge cost function that identifies the key determinants of the unit cost ((,;) of the
knowledge (Tu) generated by each firm at each point in time:

(;, = INNOVATIVE EFFORTSul T,,. (4)

Equation (4) provides a suitable specification of the knowledge cost function
that accommodates, next to the role of internal learning and R&D expenditures,
appreciation of the knowledge base of each firm in terms of the levels of
knowledge stocks used in the generation of new knowledge, and identification
of the key role of the knowledge that is external to each finn but available in
regional, cognitive, and/or technological proximity. Specifically, we expect
that, for given levels of endogenous innovation effort, unit knowledge costs
will be lower the larger the size of the stock of internal knowledge and the larger
the pool of external knowledge that firms can access as well as its consistence
with the stock of internal knowledge.
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firms. Some firms are able to generate new technological knowledge with low
levels ofcun-ent expenditure in R&D. Others experience veiy high levels ofcmrent
expenditure. The variance among the costs of knowledge is a fascinating area of
research. Specifically, study of the knowledge cost function helps us to grasp the
extent to which the cost of knowledge is affected by the availability of the fall range
of inputs and their costs (Antonelli and David, 2016).

As soon as it becomes evident that R&D activities are not the only input into
the knowledge generation process (Gunday et al., 2011), each firm;s stocks of
existing internal and external knowledge acquire a new relevance as indispens-
able and strictly complementary inputs (Antonelli and Colombelli, 2015a,
2015b). Knowledge inputs such as the amount of external knowledge that can
be accessed by finns to generate new knowledge are distributed unevenly across
space. Major institutional and stmctural characteristics affect the actual amount
of external knowledge that each firm can access and use as an input. The costs of
these inputs differ in turn because of variance in the conditions of access to the
available external knowledge (Cohen and Levinthal, 1990) and because of the
different characteristics of the local pools of external knowledge (Saviotti,
2007; Quatraro, 2010, 2012).

By the same token, firms differ widely with respect to the size and character-
istics of the stocks of internal knowledge that can be used to generate new
knowledge (Jones, 1995). Knowledge inputs and outputs also vary across finns
because firms differ in their specific levels of competence in managing the
knowledge generation process (Nelson, 1982). Inclusion of these variables
stems from identifying the recombinant character of the knowledge generation
process. It enables us to appreciate the role of knowledge indivisibility, as
articulated in the knowledge cumulability and the knowledge complementarity
that form part of its generation (Weitzman, 1996, 1998).

Pecumaiy knowledge externalities exert their powerful and positive effects by
reducing the costs ofupsti-eam-generated knowledge that enters as an input into the
technology production function. The final effect is reduction of the costs of the
goods produced using knowledge as an input and hence an increase of productivity.

4.5 Operationalization of the Knowledge Generation Function
in the SSE Model

In the knowledge generation function, the knowledge output depends on the
endogenous extent of both the levels of innovative efforts identified by
Equation 1 and the conditions of access to the internal and external stocks of
knowledge. From this it is possible to assess the unit cost of the knowledge

—^—^.- -l 1__
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appreciation of the knowledge base of each firm in terms of the levels of
knowledge stocks used in the generation of new knowledge, and identification
of the key role of the knowledge that is external to each firm but available in
regional, cognitive, and/or technological proximity. Specifically we expect
that, for given levels of endogenous innovation effort, unit knowledge costs
will be lower the larger the size of the stock of internal knowledge and the larger
the pool of external knowledge that firms can access as well as its consistence
with the stock of internal knowledge.
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5 The Technology Production Function

5.1 Theoretical Foundations

The foundation of the economics of knowledge rests on two pillars:
(i) investigation of the role of knowledge in the production of all other goods
implemented with the technology production function; and (ii) analysis of the
activities that enable generation of new technological knowledge by means of
the knowledge generation function. These two strands of the literature have
grown quite apart, although both strands confirm the importance of spillovers.
After seeing their significance in the technology production function, we are
now looking at the role of spillovers in tenns of knowledge externalities in the
context of the knowledge generation function (Jaffe, 1986; Jaffe et al., 1993:
Boschma, Balland, and Kogle, 2014; Rigby, 2015). The empirical evidence
confirms that spillovers play a significant role in both the technology production
function and the knowledge generation function (for a review of the literahire.
see Antonelli and Colombelli, 2015a, 2015b).

The path-breaking CDM approach has made it possible to reconcile these two
strands of the literature in a single framework by means of a systemic approach
where both the technology production function and the knowledge generation
function are part of a single system of equations. Yet the CDM approach has not
been used to investigate their sequential role for a long time. The literature
provides only a few attempts to integrate analysis of knowledge externalities in
the CDM approach. Ben Hassine et al. (2017) use a CDM approach, but include
analysis of spillovers only in the technology production function and make no
effort to account for its endogeneity.

Along similar lines, Goya et al. (2013) do not include analysis of spillovers m the
"ùmovation equation" as they claim that "invesfanent intensity depends much more

on internal factors (such as availability of funding) than what other firms do" (p. 6).
Lhuillery (2011) instead includes rivals' stock of knowledge in the R&D equation
but does not take into account the rofe of spillovers in the techaology production
function. In sum, it seems possible to claim that little effort has been made, thus far,
to take into account the role of knowledge spillovers in either the innovation
equation or the technology production function (and productivity equations) of
the CDM system. Our SSE model is thus making a step forward.

It builds upon Antonelli and Colombelli (2017), which provides an extended
CDM approach through which to analyze jointly the sequential effects of
knowledge spillovers in both the knowledge generation and the technology
production functions. In a systemic and sequential approach, knowledge -
generated in the knowledge generation function with the hme.fit nf^nnwlp^op

'F
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below equilibrium - becomes an endogenous input in the downstream technol-
ogy production function, where knowledge is an input next to capital and labor
in the production of all other goods.

This framework enables us to confirm the strong and positive effects on the
levels of output (and TFP) not only of internal knowledge but also of the external
knowledge - ready to be used again - that spills from other firms that cannot fully
appropriate it (Adams, 1990; Griliches, 1992). As the systematic and inclusive
reviews of Hall and Mairesse (2006) and Hall et al. (2010) show, the positive
effects of both internal knowledge and spillovers became one of the cornerstones
of the economics of knowledge. Knowledge spilling from third parties can be
used again and helps firms better to exploit theu- own internal stock of knowledge

The SSE implemented by this Element allows us to grasp the sequential role of
spillovers m both the upstream knowledge generation function and the downsto-eam
technology production function. The achial amount of technological knowledge
that enters the technology production function is an upsti-eam a priori that depends
upon the extent to which firms try to cope with changing product and factor market
conditions by means of innovation efforts geared toward changing their products,
processes, organization, inputs, and markets. The actual amount of technological
knowledge that firms are able to generate, once they have selected their level of
imiovation effort, depends upon the cost of the available external knowledge. With
a given level of innovation effort, firms based in a knowledge-abundant region
endowed with a large stock of technological knowledge that can be accessed at low
costs and has high levels of complementarity with the firms' internal stock of
knowledge and competence can benefit from large spillovers with low absorption
costs and generate a large amount of new technological knowledge.

Focusing on knowledge cost enables us to identify the consequences of
knowledge externalities for the upstream generation of new knowledge as an
output and to assess their effects on the downstream technology production
function where knowledge is an input (Antonelli and Colombelli, 2015b). The
stock of knowledge that is external to each finn contributes to the recombinant
generation of new technological knowledge. Because of its limited appropria-
bility, proprietary knowledge generated at each point in time spills out of the
command of the "inventors" and benefits other potential users. Inventors can
retain control over their proprietary knowledge for only a limited window of
time. Eventually, because of its limited exhaustibility and consequent substan-
tial cumulability, the knowledge produced at each point in time adds to the stock
of public knowledge, with a time lag due to the limited appropriation windows
so'that it keeps increasing. Knowledge spillovers help to reduce the costs of
sxtema! knowledge and engender pecuniary knowledge externalities when the
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equilibrium levels. Consequently, the lower the costs of knowledge, as an
output, that is generated upstream with the benefit of knowledge externalities.
the lower the costs of the goods that are produced downstream using said
knowledge as an input.

5.2 Operationalization of the Technology Production Function
The technology production function is a classical Cobb-Douglas production
function enriched by inclusion of the stock of technological knowledge (T). In
the "technology production function" introduced by Zvi Griliches (1979,1992)
the stock of technological knowledge enters as a third input:

y=(K°LPTT).

In the standard specification of the technology production function, the stock of
knowledge (T) can be substituted with and by capital and labor according to the
levels of the user cost of capital (r), the unit wage (w), and the cost of the
technological input (t). Firms select, according to their output elasticity and
relative prices, the correct amount not only of capital and labor but also of the
stock of knowledge (T).

The analysis implemented so far enables firms to overcome these limitations.
In our approach the technology production function is specified as follows:

Y = (KaLPT*Y) (6)
where r =^Tit.

In the amended technology production function, the levels of T*, the internal
stock of technological knowledge that accumulates vintages of knowledge
flows that are each generated at a particular point in time, are endogenous as
they are determined by the out-of-equilibrium conditions with which each firm
tries to cope. In our system of equations, T* is the sum of the knowledge
vintages (T.i) generated at each point m time (see Equations 2 and 3).

In our approach the stock of knowledge is endogenous as its generation is
predetermined upstreain in the sequence of equations. The amount of endogenous
technological knowledge generated is determined by the innovation efforts that
take place when finns respond creatively, according to the out-of-equilibrium
conditions and their own specific response capabilities, and, via the knowledge
generation function, depends upon the available pecuniary knowledge extemaÌ-
ities The endogenous stock of internal knowledge exerts a direct effect on output
levels but does not substitute for and is not substituted by any other input.

The stock of technological knowledge that comes into the technnlnav
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substitutions. In the amended technology production function, the stock of
technological knowledge neither substitutes for other inputs nor can be replaced
by any other input: the existing stock of technological knowledge is the outcome
of the upstream steps of much a more sophisticated decision process.

6 The Knowledge-lntensive Direction of Technological Change
6.1 Theoretical Foundations

Advanced economies are becoming knowledge economies. The stmcture of
advanced Organisation for Economic Co-operation and Development (OECD)
economies has changed drastically since the end of the twentieth centairy with
the decline of the manufacturing industry and the emergence of the knowledge-
intensive business services (KIBS) that are at the core of early twenty-first-
centairy economie systems (Antonelli and Passio, 2014, 2016).

The shift toward this knowledge economy consists not only in the rise of
KIBS and their partial substitution for the manufacturing industry but also in
the shift of the manufacturing industry, particularly of advanced countries,
toward knowledge-intensive manufacture (KIM). This KIM is replacing cap-
ital intensity as the key characteristic of the production process and thus
steering the direction of technological change (Antonelli and Feder, 2020,
2021a,2021b).

Analysis of the characteristics of the knowledge generation process helps us
understand the increasing role of the knowledge base as an indispensable and
strategic input in the manufacturing industries of advanced countries. The
evolution of the manufacturing industry of advanced economies from the last
decade of the twentieth century through the first decades of the twenty-first
century is puzzling. The manufacturing industry's share with respect to total
employment in OECD countries exhibits a strong decline from average values
in the region of 20 percent in the 1980s to 10 percent by the 2020s; its share with
respect to gross national product across the same time span and the same
countries has dropped much lower. The mismatch between the decline of
employment and the increase of output is accounted for by increases in TFP
and labor productivity.

Wage stability - and in some cases wage increase - in countries and
industries exposed to the strong increase of import from industrializing coun-
tries is not consistent with expectations based upon the dynamics of factor
costs equalization. The wages of importing capital-abundant countries are
much larger than those of exporting labor-abundant countries and should
decline toward average values that are influenced by the low levels oflabor-
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not been working as expected: not only have the manufacturing industiy wage
levels of advanced OECD countries not been declining but they have actually
been increasing.

Finally, according to evidence, the total revenue share of labor has been
decreasing for the manufacturing industry as a whole at a very slow rate and
with high levels of variance between and within national industries. For
instance, it has been decreasing in countries like the USA and the UK. but
increasing in countries such as Germany, Italy, Sweden, and Denmark and in
industries such as fashion and engineering that are characterized by high levels
of skill intensity and technological change that is based upon competence,
accumulated by means of learning processes, and stirred by increasing wages.
Within the manufacturing industry, many of the key sectors that are exhibiting
a significant increase of the labor share are also characterized by faster rates of
increase of labor and TFP (Antonelli and Feder, 2020, 2021b).

Of course, interpreting the strong increase of capital intensity observed in the
last decade in some countries, especially in high-tech industries, should take
into account the effects of the new growth accounting procedures that, since
2008, have been implementing capitalization of knowledge (Corrado et al.,
2005, 2009). Capitalized knowledge as an intangible asset transforms a highly
labor-intensive activity such as research into the source of a major increase in
the capital figures of both national accounts and firms' financial evidence.
Intangible assets now account for a large share of total capital figures in
advanced countries, ranging from 20 percent in the USA and the UK to
15 percent in Germany and France.

The limited exhaustibility of knowledge fully justifies the new accounting
procedures. The low depreciation rates of knowledge, however, have the "per-
verse" effect of transforming labor into capital with a multiplier that, following
the standard 20 percent rate (Hall, 2005), fetches levels of around 3 percent. The
new accounting procedures for capitalization of knowledge are inducing
a strong shift in capital intensity.

When capitalization of knowledge is taken into account, it becomes evident
that the increased output elasticity of capital documented by a large amount of
the literature is actually detennined by sharp increase of the output elasticity of
intangible capital that parallels decline of the output elasticity of tangible
capital. Since the end of the last century, skilled and research labor capitalized
as intangible capital has become the most important production factor in
advanced countries, far larger than tangible capital. Intangible capital - that
now includes the wages of highly skilled labor in R&D activities - is actually
replacing tangible capital (Antonelli, 2019a, 2019b; Antonelli an^ Pialli ^
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This combined evidence recalls the Leontief Paradox that called attention to
tfae labor intensity of US exports in the central decades of the twentieth cenhiry.
The labor intensity of exports from the USA - a capital-abundant country by
definition, at that time - was at odds with the expectations of the Heckscber-
Ohlin framework of analysis of international trade, according to which US
exports should have been strongly capital intensive. Leontief (1953) and
Baldwin (1971) provided an articulated explanation of the puzzle, stressing
the role of technological change within the product cycle theory of international
trade. The competitive advantage of the capital-abundant US economy was
really based much more in the introduction of new products in the early stages
of their life cycle than in capital intensity. In other words, US products were
competitive in international markets primarily because they were new and
offered an array of new functionalities that substantially increased their con-
sumers' utility, thus replacing old and mferior products.

In the early stages of product innovation, the production process is character-
izedby high levels of skilled labor intensity and low levels of capital intensity.
The scale of production of new products is still small and cannot yet rely on the
advantages of capital-intensive mass production. The wages and levels of
human capital of firms engaged in product innovation are much larger than
those affirms specialized in mass production.

The evidence of the structural evolution ofOECD advanced countries sug-
gests that the Leontief Paradox is back and applies to the whole economy: firms
based in advanced countries specialize in skilled-labor-intensive goods rather
than capital-intensive ones as predicted by the theory of international trade.
Recent advances in the economics of knowledge and innovation provide the
basic tools with which to apply analysis of the Leontief Paradox to the emerging
knowledge economy in OECD countries.

The starting point consists in identifying technological knowledge as the
most abundant and a relatively cheaper input in the factor markets of advanced
countries. The knowledge-intensive direction of technological change is appro-
priate for at least two complementary aspects: (i) the relative abundance of
knowledge within the factor markets of advanced countries; and (ii) its relative
scarcity in the factor markets of competing industrial countries.

Advanced countries are characterized by their absolute and relative abun-
dance of technological knowledge. They command larger stocks oftechno-
logical knowledge and stronger training infrastructures for generating human
capital. This abundance of the technological knowledge stock has the twin
effect of making technological knowledge relatively cheaper with respect not
«r,1,, ^ c,r,v r.thpr inmit in thp 1r>nn1 fac-tnr markets. includine cacital and standard
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The large increase in the supply of human capital that advanced countries have
been experiencing since the second half of the twentieth century, brought about by
significant numbers ofbaby-boomers enrolling in universities^ has contributed to
reducing the relative cost of human capital. The knowledge-intensive direction of
technological change in advanced countries is appropriate for two distinct and
complementary reasons.

First, and most important, technological change going in a knowledge-
intensive direction increases the levels of appropriability. Competitors based
in industrializing countries can take advantage of unintended leaks oftechno-
logical knowledge and spillovers triggered by the limited appropriability of
knowledge and try to imitate, although they will need to pay higher costs to
replicate the knowledge-intensive production processes of the anginal innov-
ators (Antonelli and Feder, 2021a, 2021b,2021c,2022a).

Second, the knowledge-intensive direction increases the technological con-
gmence of advanced countries and consequently their productivity levels. The
relationship ^between relative factor costs and the ratio of marginal output
elasticity defines technological congmence. Output levels, for a given level of
total cost, are sensitive to levels of technological congmence: the larger the
output elasticity of a cheaper input, the larger the output of a production
function. Assuming that knowledge is the cheaper basic input in advanced
countries both the output of a production function and the output elasticity of
that knowledge will increase (Antonelli, 2016).

The transition to a knowledge economy in advanced countries is faster and
more effective when and where firms are able to strengthen their knowledge
base and use knowledge as the prime input of the production process.Increase
knowledge as the key input is based upon a mix of R&D" expenditures and
learning processes that are in turn based upon efficiency wages and human
capital. Of course, it matters when and where the effective" mix of R&D
expenditures and learning takes place: the larger the wages, the larger the
labor output elasticity. Efficiency wages feed the accumulation of localized
technological knowledge and stir localized technological change that takes
place within the technical region where learning has been taking place. The
larger the output elasticity of both labor and R&D expenditures, the largerfce
increase of total factor and labor productivity. Increased labor output elasticity
is afreet proxy of the role of the learning efforts that complement standard
R&D expenditures to increase the knowledge intensity and hence, eventually,
labor productivity and TFP.

Analysis of changes m the organization of global value chains and the
selective division of lahnr within anri koh,,^™ c—- , ,
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perfonning firms in advanced countries. The activities retained within the
boundaries offimis are more and more skill and knowledge-intensive because
routine jobs assigned to low-skilled manpower at low wages, associated with
capital-intensive tasks and layers of the mass production value chain, are
outsourced to third parties based in industrializing countries. This process,
which Katz and Autor (1999) identified as routine-biased technological change,
is made possible by the adoption of information and communications technol-^
ogy (ICT) both on the shop floor and in clerical activities, thus enablmg a core of
skilled workers to control a globalized production process. These ICT-
supported changes in global value chain organization affect the composition
of the production process and reinforce the skilled labor and knowledge inten-
sity, coupled withAe tangible capital and the low-skilled-labor-saving bias, m
the direction of technological change.

Recent advances in analysis of the classical induced technological change
approach provide an additional set of powerful arguments that help us grasp the
dynamics'of the increasingly knowledge-intensive direction of technological
change in advanced countries. According to the traditional induced techno-
logical change approach, revivedby Daron Acemoglu (2002,2003),fimis direct
technological change according to both changes in and levels of factor costs^
According to this approach, the direction of technological change is determined
by the search for intensive use of the factor that is locally most abundant and
hence has the lowest cost. The relative abundance of skilled labor experienced
by advanced countries since the end of the twentieth century accounts for the
skilled labor intensity of technological change (Antonelli, 2016).

Analysis of competition in the global economy helps us grasp the strategic
direction of technological change toward increasing appropriability levels.
Competition in the global economy takes place in quasi-homogenous prod-
uct markets between firms based m highly heterogeneous factor markets that
rely on highly differentiated production processes and input mixes. Firms
based m different countries - and regions - with different endowments and
different factor markets compete in the same product markets. Factor costs
equalization should drive factor costs toward convergence. Factor costs
equalization, however, yields its effects with substantial delays: heterogen-
eity is persistent (Baldwin, 2016; Baldwin and Lopez-Gonzalez, 2015;
Bloom et al., 2016).

In a static context, with a given technology and hence a given mix of output
elasticities, cost heterogeneity among competitors is itself an evident source of
competitive advantage: firms select the factor intensity of their standard pro-
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m tenns of competitiveness and profitability for firms that enjoy exclusive
access to factors at lower cost.

In a dynamic context, cost heterogeneity becomes a powerful factor that
shapes the strategic direction of technological change. Firms that bias the
introduction of new technologies toward intensive use of exclusive, yet cheap
inputs - such as knowledge - that are available only in the domestic factor
markets can limit the negative effects of the limited appropriability ofknow-
ledge. Competitors that cannot access the factor markets at the same conditions
can take advantage of knowledge spillovers but cannot replicate the specific
cost conditions of innovators. The exclusive and intensive nature ofthe'cheap
factors - such as knowledge - that competitors cannot access and use at the
same conditions stretches the duration of the competitive advantage, which is
less exposed to decline ofappropriability and the consequent (negative) effects
of imitative entry on price, market share, performance, and profits i
2019b).

Analysis of the strategic direction of technological change toward locally
abundant and yet exclusive knowledge inputs helps us grasp the strong and
increasingly knowledge-intensive direction of technological change introduced
by finns based in advanced countries. Once more, the properties of knowledge
both as an economic good and as the output and input of a recombinant
generation process are key to grasping the role of the strategic direction of
technological change toward increasing levels of knowledge intensity
(AntoneUi,2018a,2018b).

The new understanding of the strategic knowledge-intensive direction of
technological change is a direct consequence of appreciating the effects of the
limited exhaustibility of knowledge, which favor accumulation of a stock of
quasi-public knowledge. Because of its limited exhaustibility and its conse-
quent cumulability, knowledge is an endogenous endowment. Firms based in
advanced countries have access to a large stock of technological knowledge,
far larger than their rivals based in labor-abundant countries. The knowledge-
intensive direction of technological change is thus both the cause and the
consequence of the limited appropriability and exhaustibility of knowledge.
Knowledge costs, in fact, keep declining when the upward shift of the derived
demand for knowledge, triggered by the knowledge-intensive direction of
technological change, is smaller than the downward shift of the supply of
knowledge triggered by its accumulation. A typical Schumpeterian loop
between the knowledge-intensive direction of technological change and
the accumulation of increasing stocks of technological knowledge feeds the
knowledge intensity of the nrsnfii/p rpcnnnco ,,,i,;^ :- ^-._ _. . „
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cost asymmetries that favor new waves of knowledge-intensive creative
responses (AntoneUi, 2018a, 2018b).

The resilience of knowledge cost asymmeta-ies becomes, for finns based in
advanced countries, a powerful incentive for directing technological change
toward intensive use of knowledge as an input. The globalization of the
economy and the sharp differences among competing countries with respect
to the size, composition, and conditions of access to and use of the domestic
stock ofquasi-public technological knowledge have major effects on the direc-
tion of technological change. Firms based in advanced countries and engaged in
international product markets have strong incentives to increase the knowledge
and human-capital intensity of their production processes because they can
enjoy larger pecuniary knowledge externalities and generate knowledge at
costs that'are far lower than those of their industrializing competitors in global
product markets.

6.2 Operationalization of the Knowledge Intensity
of Technological Change

The analysis implemented so far is synthesized by Equation 7, which accounts
for the direction of the technological change as measured by y, the output
elasticity of technological knowledge in the technology production function
(see Equation 5). The output elasticity of the stock of technological knowledge
Y, which is the cheapest input in advanced countries, will be larger the larger the
cost of labor (w) and the rental cost of capital (r) with respect to the cost of
knowledge in advanced countries and the larger the ratio of the cost ofknow-
ledge (t)~in industrializing competitors (1C) in global product markets with
respect to the cost of knowledge in advanced countries (AC):

YAC= w/tAC' r/tAC' tlc./tAC. (7)

7 The Performance Equation

Our SSE is composed of five layers of analysis that can be summarized as
follows. First, the innovation equation analyzes how firms choose whether to
engage in innovation efforts by performing R&D activities and stin-ing learning
by doing by means of efficiency wages and, if so, by how much (see Section 3).
Second, the knowledge generation function explores how knowledge as an
output depends on both the extent of the firm's own R&D and leaming^activities
and the cmcial role of knowledge externalities (see Section 4). Third, the
technology production fìmction explores the role of knowledge as an input
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Fourth, analysis of the direction of technological change enables us to assess the
detenninants of the increasing levels of knowledge output elasticity in the
technology production fanction (see Section 6). Finally, fifth, the perfonnance
equation, described in this section, enables us to frame the joint effects on
productivity of the reduced knowledge costs triggered by the broad array of
knowledge externalities explored so far (Antonelli, 2013; Aatonelli "and
Gehringer, 2016).

This last step in the SSE is where TFP is determined by the endogenous cost
of knowledge, which is the result of the estimated expenditure levels ofR&D
and learning activities and the knowledge output of the knowledge generation
function. This specification of the performance equation enables us to account
for the twin effects of the upstream knowledge externalities via the reduced
costs of the knowledge generated internally. Spillovers exert their effects in
Equation 3 and help to produce more knowledge. The larger the levels of
pecuniary knowledge externalities, the larger, within a given budget, the
expected output in terms of new knowledge and, consequently, the lower the
costs of knowledge. The low costs of knowledge - reduced by the positive
effects of knowledge externalities in the upstream generation of knowledge
below equilibrium levels - play a positive role in accounting for the levels of
productivity in downstream activities.

The introduction of productivity-enhaacing innovations depends upon the
extent to which firms can rely upon actual observed knowledge costs (to) that
are below equilibrium levels (tg). The observed cost of technological know-
ledge can be lower than its reproduction costs because of the pervasive effects of
the limited appropriability and exhaustibility of knowledge spilling in a highly
qualified context that reduces absorption costs. When te > to, a creative
response can take place: the response becomes actually creative because it is
supported by pecuniary knowledge externalities.

This is the final result of our analysis: let us assume that an economy is in
equilibrium at time 0; then, changes In product and factor markets - driven by
oligopolistic rivalry, changes in aggregate and product demand levels, and
changes in factor markets trigger out-of-equilibrium conditions at time 1.
Firms implement their responses and make new innovative efforts. When the
cost oftaiowledge is close to its reproduction levels because relevant absorption
costs limit the actual effect of potential pecuniary knowledge externalities, there
is no room for any creative response: finns are able only to introduce novelties
that enable them to move on the existing map ofisoquants. However, when the
cost of knowledge is below its reproduction levels because the positive effects
of pecuniary knowledee extem?ilitip< arp larrrw Ao^ +k^^ „u„„—^-„ ___.
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generation of technological knowledge at costs below equilibrium levels sup-
ports the introduction of actual productivity-enhancing innovations (Antonelli
and Feder, 2022b).

This leads to the final equation of the SSE model where TFP, that is, the ratio
of the actual to the equilibrium output, is directly related to the ratio of the
equilibrium level (tg) of knowledge costs to the actual observed cost oftechno-
logical knowledge (tp):

TFP=(tE/to). (8)
When the equilibrium (reproduction) cost of knowledge is larger than the actual
generation costs supported by pecuniary knowledge externalities, tn > to and
so TFP > l. Firms caught in out-of-equilibrium conditions in their product and
factor markets can implement a successful creative response in terms of
increased TFP.

The actual cost of knowledge can be regarded as an emergent property of the
system into which firms are embedded. The creative response affirms is embed-
ded in the conditions of the system on tb-ee counts: (i) the out-of-equilibrium
conditions of product and factor markets; (ii) the levels of pecuniary knowledge
externalities that are available at the system level; and (iii) the complementarity of
the local and the internal stocks of technological knowledge.

The system is in equilibrium when the total cost of innovation effort equals its
output. Innovation effort adds to output exactly its equilibrium value In this
case the actual outcome of the innovation effort is novelties, which differ from
innovations. Novelties affect the characteristics of products and processes but
do not increase performance and specifically do not augment TFP.

When the actual unit costs of the knowledge stock (to) are below equilibrium
level (tE> to), because of the pervasive effects of the limited appropriability and
exhaustibility of knowledge and the complementarity of its composition with
respect to the internal stock of knowledge of each firm, the output of innovation
effort is larger than its equilibrium levels. The output of innovation effort is larger
than its costs, too, and enables the introduction of effective productivity-enhancing
innovation. In this case, finns caught in out-of-equilibrium conditions in their
product and factor markets can implement a successful creative response and reap
the advantages of pecuniary knowledge externalities in terms of increased TFP.

When appropriability is strong and augmented by the de facto appropriability
triggered by a strategic direction that is biased toward intensive use of inputs
that~are not only locally cheaper but also primarily exclusive because competi-
tors and imitators are based in different factor markets where the strategic input
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augmented levels of TFP and profitability. When appropriability is low and
firms can retain only a small fraction of the economic benefits stemming from
the introduction ofproductivity-enhancing innovation, and the transferability of
knowledge is not limited, performance is much larger at the system level than at
the firm level.

The risks of Arrovian market failure are large when the transferability of
knowledge is expensive because of heavy absorption costs for all but a few
firms that are able to fully benefit from free spillovers. Free spillovers for a few
rivals are sufficient to radically reduce appropriability and hence incentives to
introduce innovations, but the system cannot benefit from the limited transfer-
ability that would provide large knowledge externalities to all firms.

8 Conclusions: Schumpeterian Loops
This Element has presented a comprehensive and inclusive evolutionary approach
to economics that appreciates the complexity of the dynamics of economic systems
based upon the variety of agents credited with the capability to generate techno-
logical knowledge and infroduce innovations. This creative response is the outcome
of interaction between firms exposed to out-of-equilibrium product and factor
market conditions and the possible support provided by the system with respect
to generating and using technological knowledge.

The approach has been implemented by an SSE that enables us to stress the
endogenous emergence of the key variables under the control of the actual
amount of knowledge externalities available in the system: endogenous levels
of innovative efforts yield the generation of endogenous technological know-
ledge that enters the technology production function and affects, according to its
costs, the actual levels ofTFP and profitability.

This approach applies to analyzing the working of economic systems at large
but is especially suited to understanding the dynamics of the global economy.
The fast increase of globalization of economic systems has led to a new and
challenging competitive context in which firms based in factor markets charac-
terized by strong and resilient elements of heterogeneity compete in quasi-
homogenous global product markets characterized by monopolistic competi-
tion. The tension between the resilient heterogeneity of factor markets and the
homogeneity of international product markets is a powerful engine toward the
dynamics of the creative response.

The dynamics of the creative response are shaped by Schumpeterian loops
where the historic sequence of feedback is cmcial to understanding their evolu-
tion. At each point in time finns try to elaborate a response to the mismatch

.- -l.. _^
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Firms act strategically and identify the amount of innovative effort they can
mobilize to introduce changes in products, processes, organization, input mixes,
and markets. Their innovative efforts enable them to feed the recombinant
generation of technological knowledge. Its outcome is contingent upon the
size and composition of the stock of technological knowledge accumulated
within the borders of the finn and the size and composition of the stock of
external knowledge to which the firm has access. There being the right condi-
tions of access to and use of the stock of quasi-public knowledge is cmcial in
supporting the persistence of the Schumpeterian loops.

External and internal knowledge are complementary and indispensable inputs
that qualify innovation efforts. When the conditions of access to both the internal
and the external knowledge stocks enable finns to benefit from relevant pecuniary
knowledge externalities, the response affirms is creative. When the conditions of
access to and use of the stocks of knowledge do not enable firms to generate new
technological knowledge at costs that are below equilibrium because of missing
knowledge externalities, the response is just adaptive and firms introduce novel-
ties but not productivity-enhancing innovations.

The creative response, instead, enables firms to increase performance in
terms of productivity, profitability, and growth rates. It enables them to increase
profitability when they can direct technological change toward intensive use of
exclusive inputs that are locally available at low costs but cannot be used, at the
same conditions, by competitors. Being able to strategically direct techno-
logical change enables finns to contrast the negative effects on profitability of
the limited appropriability of knowledge. In advanced countries that are
endowed with large stocks of technological knowledge, directing technological
change toward knowledge-intensive activities enables firms to counteract the
aggressive competitive pressure of firms based in labor-abundant countries
(Antonelli and Passio, 2011).

Innovation efforts and their successful use in the generation of new techno-
logical knowledge have the twin effect of triggering new out-of-equilibrium
conditions in global product markets that in turn trigger new responses from
competitors and changing not only the size and composition of the stocks of
technological knowledge but also their access and use conditions. Creation of
new sources of pecuniary knowledge externalities in turn affects the chances
that firms' response will be creative.

The dynamics are clearly shaped by path-dependence - as opposed to past
dependent trajectories - that can yield persistent positive outcomes in terms of
fast rates of introduction of technological innovations as well as decline. The
_]_____;„„ ^.ftl.^ n;^^ nn^l ^nmnnoirinn nf+hp ctn^Vc nf1^nn\v1prl(TR as 'well as of the
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At each point in time, in order for a firm to flourish it is necessary for it to
implement forward-looking strategies that are able to support a creative
response by: (i) identifying local sources of technological knowledge; (ii)
strengtheniug the knowledge governance mechanisms that augment the quality
and viability of the knowledge interactions among economic agents and insti-
tutions; and (iii) selecting appropriate directions for technological change that
augment the chances of long-lasting exploitation. Although past conditions, at
both the system and the individual level, heavily affect the conduct and per-
formance of agents, small events may improve or deteriorate the actual levels of
pecuniary knowledge externalities and sustain or stop the Schumpeterian loops.
When firms' responses, including generation of new technological knowledge,
negatively affect the actual levels of pecuniaiy knowledge externalities, the
Schumpeterian loops are discontinued and the system converges toward static
equilibrium levels with no growth.

In the evolutionary complexity of this approach, knowledge and innovations
are emergent properties of the system that may explain and support each other,
contrasting the intrinsic thrusts of competitive forces toward convergence and
equilibrium. They are more likely to take place when agents are able to imple-
ment effective coalitions based upon convergent research strategies that favor
recombinant generation of new technological knowledge.

»
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