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Abstract

The paper presents a model of endogenous innovation and growth, in which technological
change is path dependent. The historical pattern of technological development plays a central
role in determining the pace of future technological change. Path dependence is explained using
a distinction between fundamental and secondary knowledge. The economy moves endogenously
between periods of drastic and non-drastic innovation. Technological lock-in is shown to be a
special case of path dependence. The model provides a rationale for cycles in technological
leadership. This rationale exists in equilibria with positive levels of fundamental research and
in a world with no imitation.
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1 Introduction

A variety of authors in the literatures on the history and microeconomics of technology have argued
that innovation is ‘path dependent.” That is, the historical pattern of technological development is
thought to play a central role in determining the pace of future technological change.? An extreme
example is ‘technological lock-in’, where agents continue to employ an existing technology even
though potentially more productive technologies could be found. Historical examples include the
replacement of ‘mule-spinning’ by ‘ring-spinning’ in the Eighteenth Century Cotton Industry, the
switch from the ‘Leblanc’ to the ‘Solvay’ Soda production process, and, more recently, the continued
use of the QWERTY keyboard.* This paper presents a tractable model of endogenous innovation
and growth, in which technological change is path dependent and in which technological lock-in
may occur.

The analysis combines four features of technological change emphasized in empirical work and
discussed further below. First, innovation is shaped by the intentional choices of profit-seeking
agents. Second, the discovery of new technologies is an intrinsically uncertain process. Third,
technological progress is the result of a combination of ‘fundamental innovations’, which open
up whole new areas for technological development, and ‘secondary innovations’, which are the
incremental improvements that realize the potential in each fundamental innovation. Fourth, the
secondary knowledge acquired for one fundamental technology (eg mule-spinning) is often of limited
relevance for the next (eg ring-spinning).

The main findings of the paper are as follows. First, these four features of technological change
provide a microeconomic rationale for path dependence. In particular, if spillovers of secondary
knowledge across fundamental technologies are incomplete, an increase in the stock of secondary
knowledge relating to one fundamental technology m reduces agents’ incentives to engage in research

directed at the discovery of fundamental technology m + 1. Second, depending on the (random)

3See, in particular, Arthur (1994), David (1975,1988), Dosi (1988), Mokyr (1990), and Rosenberg (1994).
“See, respectively, Broadberry (1998) and Sandberg (1969), Lindert and Trace (1971), and David (1985).



interval of time between fundamental innovations, the economy moves endogenously through pe-
riods of ‘drastic’ and ‘non-drastic’ innovation. That is, depending on the (random) interval of
time between fundamental innovations, a new fundamental technology either may or may not face
competition from existing technologies at the profit-maximizing monopoly price.

Third, in periods of non-drastic innovation, equilibrium employment in fundamental research is
monotonically decreasing in the stock of secondary knowledge accumulated for an existing funda-
mental technology. Fourth, technological lock-in is a special case, where the stock of accumulated
secondary knowledge becomes so large that equilibrium employment in fundamental research falls
to zero. Fifth, a model of endogenous technological change with path dependence provides a ra-
tionale for cycles in technological leadership, where an initially backward country catches-up with
and overtakes an initially more advanced country. This rationale applies in equilibria with positive
levels of fundamental research and is not limited to the special case of technological lock-in. Cycles
in technological leadership may occur even in a world with no international knowledge spillovers
and no imitation. Once international knowledge spillovers are allowed, the extent of technologi-
cal catch-up and leapfrogging depends on the relative magnitude of spillovers of fundamental and
secondary knowledge.

The model’s tractability enables us to consider a very general specification of secondary knowl-
edge spillovers across fundamental technologies, which encompasses the special cases of no spillovers
and perfect spillovers. It also enables us to extend the analysis in a variety of directions. First, we
introduce uncertainty over the magnitude of secondary knowledge spillovers. This further general-
izes the dynamics of technological change in the model. A distinction emerges between temporary
technological lock-in (where it is not profitable to employ a new fundamental technology, once
discovered, for small realizations of secondary knowledge spillovers) and permanent technological
lock-in (where it is no longer profitable to search for new fundamental technologies given the ez-
pected magnitude of secondary knowledge spillovers). Second, we introduce multiple intermediate

goods sectors. Technological change remains path dependent, and individual sectors may experi-



ence technological lock-in, while the economy as a whole exhibits endogenous growth as a result of
both fundamental research and secondary development. Third, we show that the paper’s results
are robust to the introduction of diminishing returns in the process of secondary development.

The paper is related to three main strands of existing work. First, there is a literature which
considers technological lock-in in models where the arrival of new technologies is exogenous and
agents decide whether or not to adopt these technologies (see, for example, Arthur 1989, Brezis et
al. 1993, Chari and Hopenhayn 1991, Parente 1994, Jovanovic and Nyarko 1996, and Solow 1997).
Following a wide range of empirical evidence, this paper models the arrival of new technologies as
an endogenous process. This is not only in accord with the empirical evidence, but also yields new
insights. For example, technological lock-in is a special case of a more general phenomenon (path
dependent technological change), path dependence can be explained using a distinction between
fundamental and secondary knowledge, and the economy moves endogenously through periods of
drastic and non-drastic innovation.

Second, the endogenous growth literature contains a number of models with one or more of the
four features of technological change listed above. Thus, Aghion and Howitt (1992) and Grossman
and Helpman (1991) present models of endogenous quality-augmenting innovation, in which the
outcome of costly investments in R&D is uncertain, but in which there is no distinction between
fundamental and secondary innovation. Aghion and Howitt (1996, 1997), Helpman and Trajtenberg
(1998), Jovanovic and Rob (1990), and Young (1993) all present models in which a distinction
between different types of technological change exists. However, there is no analysis of the idea
that technological change is path dependent or that technological lock-in may occur.

Third, there is a literature concerned with ‘cycles in technological leadership’, where an initially
backward country catches-up with and eventually leapfrogs an initially more advanced country.
This hypothesis has received considerable attention in the economic history literature, including,
for example, Broadberry (1994, 1998), Kindleberger (1995), and Nelson and Wright (1992). Thus,

Broadberry (1994, 1998) notes that Britain’s early industrial development was largely based upon



low throughput, craft-based, skilled labour intensive methods of manufacture. These techniques
were progressively refined and developed during the nineteenth century, and it is argued that this
provides part of the explanation for Britain’s slow adoption of more modern methods of manufac-
ture, first introduced in the U.S. and involving high throughput, machine intensive, mass production
of standardized products. The choice and development of these two alternative methods of manu-
facture is seen a key determinant of the evolution of relative levels of productivity and income per
capita.

Cycles in technological leadership have been formalized in models of technology adoption with
exogenous arrival of new technologies (eg Brezis et al. 1993) and in models of Northern innovation
and Southern imitation (eg Barro and Sala-i-Martin 1995, 1997). In models of technology adop-
tion, cycles may occur if an initially advanced country becomes locked-into one technology, while
it remains profitable for an initially backward country to adopt a more sophisticated technology.
This explanation continues to exist in the present paper. However, modelling the arrival of new
technologies as an endogenous process yields new insights. In particular, cycles in technological
leadership are a more general feature of path dependent technological change. They exist in equi-
libria with positive levels of fundamental research and are not restricted to the case of technological
lock-in. Cycles in technological leadership are explained by the distinction between fundamental
and secondary innovation, and occur even in a world with no international knowledge spillovers
and no imitation.

The paper is structured as follows. Section 2 examines the empirical motivation for the four
features of technological change listed above and for the findings of path dependence and techno-
logical lock-in. Section 3 introduces the basic model of economic growth with a single intermediate
goods sector. Section 4 solves for general equilibrium, establishes the path dependent nature of
technological change, and proves that technological lock-in may occur. Section 5 explores the impli-
cations for final output growth. Section 6 introduces uncertainty over the magnitude of secondary

knowledge spillovers. Section 7 generalizes the analysis to allow for a large number of intermediate



input sectors. Section 8 summarizes the paper’s conclusions. An Appendix shows that the paper’s

results are robust to introducing diminishing returns in the process of secondary development.

2 Technological Change

Of the four features of technological change listed above, the role of intentional choices in de-
termining the rate of innovation and the pervasive uncertainty of the innovative process are well
documented (see, for example, Schmookler 1996, Mansfield et al. 1971, and the discussion in Aghion
and Howitt 1992 and Grossman and Helpman 1991). There is also substantial support for the idea
that technological progress is achieved through a combination of fundamental innovations and a
much larger number of secondary developments that realize the potential of each fundamental in-
novation (see, for example, Rosenberg 1982, Mokyr 1990, and the discussion in Aghion and Howitt
1996 and Young 1993).

The fourth feature of technological change is also supported by a substantial body of empirical
evidence. This is the idea that the secondary knowledge acquired for one fundamental technology
is often of limited relevance to the next. One example from economic history is the replacement
of the ‘mule’ (invented by Crompton in 1779) by ‘ring’-spinning (discovered by Thorp in 1828) in
the Cotton Industry during the early Nineteenth Century.® Each of these technologies required a
distinct set of skills and physical machinery. Mule spinning in particular required specialized skills
and considerable strength (hence operatives were predominantly male), whereas these skills were
of little relevance in ring spinning, which could in fact be carried out by a largely unskilled female
labour force.

The U.K. cotton industry had grown to be the largest in the world through the use of the mule
and the earlier inventions of the spinning jenny and water frame. However, even once the technology
for ring-spinning was known, the U.K. industry was very slow to adopt the technology compared
to all other major cotton producers. One of the main reasons cited by economic historians is the

abundant supply of skilled mule spinners in the U.K., whose specialized skills would be rendered

®The discussion here draws on Broadberry (1998), Mokyr (1990), and Sandberg (1969).



obsolete by the new technology.® Other examples include the historical switch from the Leblanc to
the Solvay soda production process and the contemporary example of the acquisition of QWERTY
specific skills by touch typists.”

Together, these four features of technological change will provide a microeconomic explanation
for path dependence. A fundamental innovation is “both .... an artifact to be developed and
improved (such as a car, an integrated circuit, a lathe, each with its particular technoeconomic
characteristics) - and a set of heuristics (eg Where do we go from here? Where should we search?
What sort of knowledge should we draw on?)” (Dosi 1988, page 1127). Each fundamental technol-
ogy provides a particular set of opportunities for secondary development, and this historical path of
technological development will, in general, have implications for agents’ incentives to search for new
fundamental technologies. In this way, an economy’s or a sector’s particular history of incremental
development will influence endogenous rates of innovation and long-run growth.

An extreme example of path dependence is when the process of secondary development proceeds
so far, that there no incentive to invest in the discovery of a new fundamental technology, and the
economy becomes locked-into an existing fundamental technology. The most frequently quoted
example is the QWERTY keyboard referred to above (see David 1985). However, there are a
wide range of other examples, both from economic history (see the discussion above and Frankel
1955), and from contemporary experience (see Shapiro and Varian 1998, Chapter 5 for a number

of IT-related examples).

3 The Model

3.1 Introduction

We consider an economy populated by a sequence of overlapping generations indexed by ¢ € [1, 00).
Each generation consists of a large number of consumer-workers (H) who live for two periods. Each

worker is endowed with one unit of labour per period and an exogenous quantity of land (L/H).

5See, in particular, Broadberry (1998, Chapter 10) and Sandberg (1969).
"See, respectively, Lindert and Trace (1971) and David (1985).



Time is indexed by 7, and we choose units for time such that each period of a generation’s life lasts
for one unit of time.®

The economy consists of four sectors: fundamental research, secondary development, inter-
mediate input production, and final goods production. Intermediate inputs are indexed by their
quality or productivity, and this depends upon a stock of fundamental knowledge and a stock of
secondary knowledge. Fundamental knowledge is modelled as a sequence of potentially more pro-
ductive blueprints for intermediate input production. The realization of the productive potential
of these blueprints depends on the accumulation of secondary knowledge. Secondary knowledge is
modelled as the acquisition of human capital that is specific to a particular fundamental technology,
in the sense that it is more productive when used with that technology than when used with any
other fundamental technology.

The timing of decisions is summarized in Figure 1, and is as follows. At the beginning of period 1,
workers inherit a stock of blueprints for fundamental technologies from the previous generation, and
decide whether to engage in fundamental research or secondary development. Secondary developers
spend period 1 assimilating and augmenting a body of existing secondary knowledge inherited from
the previous generation. Fundamental researchers spend period 1 engaged in (uncertain) research
directed at the discovery of a new, potentially more productive, fundamental technology. All
research uncertainty is realized at the end of period 1.

<Figure 1 about here>

Production and consumption take place in period 2 of workers’ lives. Some secondary knowl-
edge (fundamental technology-specific human capital) is required in order to produce intermediate
inputs, and these are therefore produced by secondary developers in period 2. Final goods are
produced with intermediate inputs and land.? If a worker is successful in fundamental research

in period 1, she receives a one-period patent for the new fundamental technology. Bargaining

8Thus, generation ¢ is born at some time 7 and dies at time 7 + 2. In order to simplify notation, we suppress the

implicit dependence on time, except where important.
9Land is a specific factor, used only in final goods production, and could also be interpreted as physical capital.



with secondary developers takes at the beginning of period 2 about how to divide the surplus
from intermediate input production. If research is unsuccessful in period 1, intermediate inputs
are produced with an existing fundamental technology in period 2. Since fundamental knowledge
spills over across generations, all individuals have access to existing fundamental technologies, and

production of intermediate inputs occurs under conditions of perfect competition.'®

3.2 Consumer Preferences

Workers are endowed with one unit of labour per period. At the beginning of period 1, they
decide whether to engage in fundamental research or secondary development. Since some secondary
knowledge is required in order to produce intermediate inputs in period 2, this corresponds to a
decision about their lifetime labour supply. We denote the number of workers entering fundamental
research by Hf and the corresponding number entering secondary development by Hgg . There is
no disutility from supplying labour, and preferences are defined over consumption of the final good.
Workers are assumed to be risk neutral, and the lifetime utility of a representative consumer-worker

in generation t is thus a linear function of second-period consumption of the final good,

(1) Ut = Cot
3.3 Production and Technology

Following Aghion and Howitt (1992), final goods output (y) is produced from intermediate inputs
(x) and a sector-specific factor of production which is interpreted as land (1). For simplicity, we
begin by considering a single intermediate goods sector. Section 7 extends the analysis to allow for
multiple intermediate goods sectors. Production of final goods occurs under conditions of perfect

competition and with a Cobb-Douglas technology,

107t is also possible to consider patents of more than one period in length (which requires patent rights to be
enforced across generations). In this case, bargaining with secondary developers takes place both when fundamental
research is successful and when it is unsuccessful. This substantially complicates the analysis, without adding any

insight.



(2) Yo = Aog.x5,13, 0<a<l1

where As; denotes the productivity or quality of intermediate inputs, and we choose final goods
output for the numeraire so that py; = 1 for all ¢.

The key departure from the standard quality ladder model is the assumption that techno-
logical progress takes the form a sequence of fundamental technologies, each of which may be
improved through a process of secondary development. Fundamental technologies are indexed by
k €{0,1,...,m}; k denotes the interval starting with the kM innovation and ending with the &+ 1%,
while m is the most advanced fundamental technology currently available. Each fundamental tech-
nology is potentially more productive than the previous one, but the realization of this production
potential is dependent on a process of secondary development. Conditional on the same level of
secondary development, each successive fundamental technology has a quality or productivity of
~ > 1 times the last. The stock of fundamental knowledge available to generation ¢ is determined by
the most advanced fundamental technology currently available, and is thus F,,, = v™.F(0), where
we normalize F'(0) to 1.

The productivity of each fundamental technology may be increased through a process of sec-
ondary development. If we denote the stock of secondary knowledge that can be employed with a
fundamental technology k by Sy, (we refer to this as the ‘effective stock of secondary knowledge’),
then the quality or productivity of intermediate inputs produced with fundamental technology k is

as follows,

(3) Agy = Aoy = (Farr,)” -Sot, v>0

That is, the quality or productivity of intermediate inputs is assumed to be a constant elasticity
function of the stock of fundamental knowledge and the effective stock of secondary knowledge. The
structure of knowledge is as illustrated in Figure 2.

<Figure 2 about here>
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The effective stock of secondary knowledge captures the idea that secondary skills are funda-
mental technology-specific and spill over imperfectly across fundamental technologies. If a worker
has accumulated a quantity S; of secondary skills specific to a particular fundamental technology
j, we assume that the effective stock of secondary knowledge for all fundamental technologies k

(Sk) is as follows,

¢*(S;)  ifk=j—z

o(S;)  ifk=j—1 .
(4) Sy, = S itk=y ) = 27. Rt J_j—gc;ré "
¢(S]) itk=j5+1 '

6(S)  ifk=jt2
The stock of secondary knowledge is assumed to be bounded below by 1 (S; > 1 and ¢(1) = 1),
and this may be interpreted as a minimum level of secondary knowledge available to all fundamental
technologies.
The specification in equation (4) is very general and encompasses a whole range of different
assumptions concerning the nature of secondary knowledge spillovers. Each of these assumptions
corresponds to a different set of restrictions placed upon the function ¢(-). For example, we may

consider the two special cases of no spillovers of secondary knowledge (S;41 = ¢(S5;) = 1 for all
S; > 1) and perfect (or complete) spillovers (Sj11 = ¢(S;) = S; for all S; > 1). The empirical

discussion above suggests that secondary knowledge spillovers are in fact imperfect, and we therefore

place the following restriction on the function ¢(-),

) s w8

de Sj+1 B ¢<Sj)

That is, the accumulation of secondary knowledge for one fundamental technology j has a pos-

<1

()

itive effect on the productivity of other fundamental technologies k # j (¢'(S;) > 0). However, the

accumulation of secondary knowledge specific to fundamental technology j raises the productivity

11



of j by a greater proportion than it raises the productivity of all other fundamental technologies
k£ 5.1

The assumption of imperfect knowledge spillovers is plausible, and is supported by the empirical
discussion above. We begin by considering the properties of the model when the assumption in (5)
is made; it is straightforward to consider how the results of the analysis change if the assumption
is relaxed. Since ¢(1) = 1, equation (5) implies that ¢(S;) < S; for all S; > 1. That is, only some
of the secondary knowledge acquired for fundamental technology j can be transferred to other
technologies k # j. The arrival of each fundamental innovation results in secondary knowledge
obsolescence, and this is one respect in which growth is a process of creative destruction.

In the specification in equation (4), the size of secondary knowledge spillovers depends on the
distance in technology space between fundamental technologies k£ and j. This is consistent with the
empirical modelling of knowledge spillovers in, for example, Jaffe et al. (1993). However, it does
treat less sophisticated (k < j) and more sophisticated (k > j) fundamental technologies symmet-
rically. One might want to allow secondary knowledge spillovers to be larger for less sophisticated
technologies. To capture this, we also consider the special case where secondary knowledge spills
over perfectly to all fundamental technologies k < j (Sy = S; for all k < j), but imperfectly to all
fundamental technologies k > j (Sy = ¢*7(S;) for all k > 7).

All that remains to complete the specification of production is to consider the technology for
intermediate inputs. We assume that these are produced by secondary developers according to a

constant returns to scale technology,

(6) Tot = h2t7

where ho; denotes the number of secondary developers employed in intermediate input produc-

tion in period 2.

"Where, from (3) and (4), the proportion by which an increase in S; raises the productivity parameter A for

fundamental technology j is simply 1.
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3.4 Fundamental Research and Secondary Development

Fundamental researchers spend period 1 engaged in research directed at the discovery of fundamen-
tal technology m+1. Following Aghion and Howitt (1992), and in line with the second characteristic
of technology emphasized in the introduction, we assume that fundamental research is uncertain.
Each of the H} individuals entering fundamental research innovates with probability A, where
0 < A < 1. If more than one individual innovates, a one-period patent to the new fundamental
technology (m + 1) is allocated randomly among the H/ researchers. The probability that any one

individual obtains the patent is thus,

(7) A(HF) = H%F [1— (1= ]

Taking logarithms in (7) and differentiating with respect to H}', it is clear that the probabil-
ity of an individual receiving the patent (A(H}")) is monotonically decreasing in the number of
researchers Hf".'2 The aggregate probability that a new fundamental technology is discovered is
simply A(H[).HF .

If workers enter secondary development, they spend period 1 assimilating and augmenting the
body of secondary knowledge inherited from the previous generation. This takes the form of a
distribution of effective secondary knowledge, gg(t_l) &, across all known fundamental technologies
k < m. Secondary developers choose endogenously for which fundamental technology k < m
to acquire secondary knowledge. If they choose to acquire secondary knowledge for a particular
fundamental technology j, they augment the stock of secondary knowledge for this technology, S;
by a constant proportion > 1. The impact on the effective stock of secondary knowledge for all

other fundamental technologies k # j is determined using equation (4),'3

2 An alternative would be to assume that the probability an individual researcher receives the patent is independent
of Hf. For example, suppose that, if H} workers enter fundamental research, there is a probability A (where
0 < A < 1) that one researcher obtains the patent to fundamental technology m + 1. All of the paper’s results are

robust to this alternative specification. In particular, direct analogues of Propositions 1 and 2 exist.
13In the specification in (8), secondary development is technologically unbounded (though, in an equilibrium with

13



¢*(-Sai-1y;) fork=j—=z

[1-S2(t-1); for k = j ; == . Rt %‘i B
¢(u-Sa(—1);) fork=j+1 '

Sotk =

¢*(-Sat-1y;) fork=j+z

4 General Equilibrium

4.1 Definition of Equilibrium

General equilibrium is a set of prices for final goods output, intermediate inputs of quality k < m,
secondary developers working with intermediate inputs of quality & < m, and land {pay, Gotk, Watk, T2t };
a set of expected lifetime returns to fundamental research and secondary development {VtF , Vts }; an
allocation of consumption, final goods production, intermediate production, employment in funda-
mental research, employment in secondary development, and usage of land {¢éaz, §2t, Tk, ﬁtF , ﬁf , th};
together with a choice of fundamental technology for secondary development (j, where j < m).
Given the structure of decision-making in Figure 1, general equilibrium can be solved for in
two stages. First, we solve for equilibrium in the final goods, intermediate inputs, secondary
developers, and land markets in period 2, for a given number of individuals entering fundamental
research and secondary development in period 1 (Hf and H} respectively), a choice of technology
for secondary development (j), and for each of the two possible states of the world (successful and
unsuccessful research). Second, having determined the equilibrium period 2 payoffs in each state
of the world as a function of Hf', H?, and j, we solve for the equilibrium number of individuals
entering fundamental research and secondary development in period 1 and the equilibrium choice

of technology for secondary development in period 1.

positive fundamental research, it is economically bounded by the secondary knowledge obsolescence induced by the
arrival of each fundamental technology). The Appendix extends the analysis to introduce diminishing returns to
secondary development and an upper bound to the stock of secondary knowledge that may be accumulated. All of

the paper’s results are robust to this extension.
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Equilibrium in the final goods, intermediate inputs, secondary developers, and land markets in
period 2 requires that the following set of conditions are satisfied. First, consumers choose second
period consumption to maximize utility taking prices {pat, Gotk, Watk, T2t} as given and subject to
their budget constraints. Second, final goods producers choose output, usage of intermediate inputs,
and usage of land to maximize profits taking prices {pa, Gotk, Watk, T2t} as given and subject to
the production technology. Perfect competition and constant returns to scale imply that, in an
equilibrium with positive final goods output, there are zero equilibrium profits in the final goods
sector.

Third, equilibrium in the intermediate input and secondary developer markets depends upon
whether or not a fundamental innovation occurs. If research is unsuccessful, intermediate inputs are
produced with an existing fundamental technology k& < m under conditions of perfect competition.
If research is successful, the owner of the patent to the new fundamental technology m + 1 bargains
with secondary developers at the beginning of period 2 about how to divide the surplus from
intermediate input production.

The objective of the fundamental researcher with technology m + 1 is to maximize the profit
from intermediate input production (7’['2t(m+1) = @t(m+1)-T24(m+1) — wgt(m+1)h2t(m+1)), while the
objective of secondary developers is to maximize the surplus from working with technology m + 1
rather than some other technology k& < m ([UJQt(m+1) - supkgm(wgtk)].hgt(mﬂ)). In bargaining
over employment and wages, the fundamental researcher and secondary developers take as given
the derived demand curve for intermediate inputs produced with technology m + 1 (ga¢(m+1) =
aFQVt(m H)ggt(mﬂ)xg‘tzrln +1)l%t_ @), the price of intermediate inputs produced with other technologies
(gotx for all k& < m), the wages offered by other technologies (woy, for all k& < m), and the rental
rate for land (rg;). All bargaining power is assumed to reside with the fundamental researcher, who
therefore makes a take-it-or-leave it offer to secondary developers.

The fourth condition for equilibrium in period 2 is that demand equals supply for secondary

developers, intermediate inputs, land, and final goods. Having determined period 2 equilibrium as

15



a function of the state of the world, Hf', H{’, and j, the final conditions for general equilibrium are
that (a) the expected lifetime return to fundamental research equals the expected lifetime return to
secondary development for positive levels of fundamental research (V,F' = V;% for HF > 0), (b) the
fundamental technology chosen for secondary development j offers the highest period 2 equilibrium

wage (waj > way, for all k < m), and (¢) HS = H — HF .

4.2 Period 2 Equilibrium

4.2.1 Unsuccessful Fundamental Research

If research is unsuccessful, intermediate inputs are produced with an existing fundamental tech-
nology k£ < m under conditions of perfect competition. The fundamental technology used in
equilibrium to produce intermediate inputs will be the one with the highest period 2 productivity

or quality (technology n),

9) Agtn, = sup {AZtk = Fzytk.gztk} ;
k<m
Secondary developers receive a wage equal to their value marginal product (VMP) using tech-

nology n,

(10) —
~ i, a—1
= aFY, Soum (—M)
lo¢
where a bar underneath a variable indicates the state of the world where fundamental research
is unsuccessful. There are zero equilibrium profits from intermediate input production. Period 2

demand for secondary developers must, in equilibrium, equal their supply, as endogenously deter-

mined by period 1 choices,

(11) hom = HY

Equation (11) and the requirement that the land market clear (fgt = L) imply that period 2

final goods output is,

16



(07
(12) Gt = Aoin. (Hf) e

In equilibrium, the rental rate on land equals its VMP using fundamental technology n. Impos-
ing the requirement that the final goods market clears, we obtain equilibrium period 2 consumption

of the final good,

(13) Cot = Y2t

4.2.2 Successful Fundamental Research

A successful researcher receives a patent for the new fundamental technology m + 1, and is the
monopoly supplier of intermediate inputs produced using that technology. All bargaining power
is assumed to reside with the fundamental researcher. She therefore chooses output and wages
to maximize profits, subject to the derived demand curve for intermediate inputs, the production
technology, the constraint that the wage offered to secondary developers is greater than or equal to
the wage received with technologies k& < m, and the constraint that final goods production using
intermediate inputs produced with fundamental technology m + 1 is no more expensive than using

those produced with other technologies & < m,

(14) 1'2t(m+rll)133§t(m+1) {Q2t(m+1)-l’2t(m+1) - w2t(m+1)h2t(m+1)}

Tog(m+1) = 0
L2t(m+1) = h2t(m+1)
subject to: Wot(m+1) = Wtk for all k <m

b2t(m+1) th(m+1),7"2t} < otk [qatk, 2] for all k <m
Pt(m+1) = O‘Fzyt(erl)S%(m-i-l)'$gtz¢1n+1)l%;a

where by () is the unit cost of producing final goods output using intermediate inputs of
fundamental technology k, as a function of the price of intermediate inputs (gosr) and the rental

rate for land (rg;). This constrained optimization problem may be written as,
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maxh2t(m+1)7w2t(m+1) L= aF?t(m+1)S2t(m+1)12t 'h2t(m+1) w2t(m+1)h2t(m+1)

(15) —(1 [sgg(w%k) — Wat(m+1)]

—C2 [bzt(mH) [QQt(m+1)7 th} - %12 batk [qatk, m2t] | — (3[0 — Pog(mo1)]

The first-order conditions are,

(1) B St il ) G oS A
(17) —hot(ms1) +C =0

(18) G L:E};(w%k) - w2t(m+1)] =0

(19) G [b2t(m+1) [(12t(m+1)v7°2t] ~ in b [Q2tk7r2t]:| =0

(20) C3[O - h2t(m+1)] =0

The successful researcher faces potential competition from all existing fundamental technologies
k < m. Each individual in generation ¢t has access to the blueprints for these technologies, and
the wage received from producing intermediate inputs using fundamental technology k < m is
secondary developers’ VMP. Thus, the outside option of secondary developers in bargaining with the
successful fundamental researcher is their VMP with the most productive of all existing fundamental
technologies k < m (technology n). From equation (14), profits from intermediate input production
with fundamental technology m 4 1 are monotonically decreasing in the wage paid to secondary
developers. Hence, in equilibrium, the holder of the patent to fundamental technology m + 1 will

pay secondary developers a wage no higher than their outside option,
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— — - -~ a—1 = 11—«
(21) Woy(m1) = Watn = opn, = -Aatn. (h2t(m+1)> (lzt>

where a bar above a variable indicates the state of the world where fundamental research is
successful.

If equilibrium output of intermediate inputs is positive ((3 = 0 in equation (16)), there are
two possible equilibrium values for the price of intermediate inputs produced with fundamental
technology m+ 1. First, if it is cheaper for final goods producers to employ fundamental technology
m+1 at the profit-maximizing monopoly price rather than the most productive existing technology
n, fundamental technology m+1 constitutes a ‘drastic’ innovation. In this case, the fourth constraint
in equation (14) fails to bind, and {2 = 0 in equation (16). Equilibrium output of intermediate

inputs produced with technology m + 1 and equilibrium employment of secondary developers are,

1/(a—1)

= T E2 m-+1
(22) L2t(m+1) = h2t(m+1) = dlias il,a

a2A2t(m+1)l2t

Using equation (22) in the derived demand curve for intermediate inputs, the profit-maximizing

monopoly price may be written as follows,

- 1 — 1 —
23 ] = — Wop(me1) = — - Watn
(23) 42t(m+1) o W2t(m+1) o Wat

and equilibrium profits from intermediate input production are,

= 1 - 7
(24) Tot(m+1) = <E - 1) W2t N2t (m1)

The condition for fundamental technology m + 1 to constitute a drastic innovation is,
bat(m+1) ((1/ Oéazm) ,F2t> < batn (Eth?Qt)

where we use equations (23) and (21) to substitute for the equilibrium price of intermediate

inputs of quality m + 1 (ga¢(m41)), the equilibrium wage (wg(m+1)), and the equilibrium price of
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intermediate inputs of quality n (gat,). Since the unit cost function for final goods production is

Cobb-Douglas, this corresponds to the condition,

()™ (Som) <1 )

Satn «

(25)

Second, if it is not cheaper for final goods producers to employ fundamental technology m + 1
at the profit-maximizing monopoly price rather than the most productive existing technology n,
fundamental technology m + 1 constitutes a ‘non-drastic’ innovation. In this case, the fourth

constraint in equation (14) binds, and (3 > 0 in equation (16). The equilibrium price of intermediate

inputs produced with technology m + 1 (Q2t(m+1)) is determined by the requirement that,

bat(m-+1) (52t(m+1)7;2t) = batn(Watn, Tor)

where we use equation (21) to substitute for the equilibrium price of intermediate inputs of
quality 7 (gatn). The successful researcher charges a ‘limit price’ that leaves final goods producers
indifferent between employing the new fundamental technology m + 1 and the most productive
existing technology n. Using the fact that the unit cost function is Cobb-Douglas, the equilibrium

price for a non-drastic fundamental innovation is thus,

(26) 52t(m+1) = Totm+1)-Watn

1
(Vv)m-i-l—n _¢m+1fn(52tn) o
S2tn

where Cotimi1) = [

and equilibrium profits from intermediate input production are,

(27) Tot(mt1) = [F2t(m+1) - 1] -EQtn-iL%(m—&-l)
Thus, equilibrium profits from intermediate input production are given by equation (24) if a

fundamental innovation is drastic and equation (27) if a fundamental innovation is non-drastic.

Since 0 < a < 1, equilibrium profits are necessarily positive for a drastic fundamental innovation,
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and hence equilibrium output of intermediate inputs produced with fundamental technology m + 1
will be strictly positive ((3 = 0 in equation (16)). For a non-drastic fundamental innovation,
equilibrium profits will only be positive if yy(my1) > 1 or (v” ymHTn gmtlon( Gy ) > Say,. This
corresponds to a requirement that the new fundamental technology m + 1, when discovered, is
more productive than the currently most productive technology n. If this condition is satisfied, the
limit price charged by a successful researcher yields positive equilibrium profits from intermediate
input production. Thus, equilibrium output of intermediate inputs produced with fundamental
technology m + 1 will be strictly positive ({3 = 0 in equation (16)).

Both (a) the condition for a fundamental innovation to be drastic and (b) the condition
for positive equilibrium profits with a non-drastic fundamental innovation are functions of the
secondary knowledge obsolescence induced by the discovery of the new fundamental technology
(¢™H17"(S91,) < Sorn). Since secondary knowledge spillovers are imperfect (equation (5)), the
accumulation of secondary knowledge specific to an existing fundamental technology n raises the
productivity of that technology by more than it raises the productivity of fundamental technology
m + 1. An increase in the stock of accumulated secondary knowledge reduces the left-hand side of
the inequality in (25) and the value of the limit price in (26). In economic terms, an increase in the
stock of accumulated secondary knowledge makes it less likely that a new fundamental technology,
when discovered, will constitute a drastic innovation, and reduces the value of the equilibrium limit
price charged in the case of non-drastic innovation. Each of these implications receives further
consideration below.

For both drastic and non-drastic fundamental innovations, we require equilibrium period 2

demand for secondary developers to equal their supply,

(28) ﬁ?t(m—i—l) = His

Equation (28) and the requirement that the land market clear (fgt = L) imply that period 2

final goods output is,
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(29) Yoy = A2t(m+1)' (Hig) L=
In equilibrium, the rental rate on land equals its VMP using fundamental technology m —+

1. Imposing the requirement that the final goods market clears, we obtain equilibrium period 2

consumption of the final good,

(30) Cor = §2t
4.3 Period 1 Choice of Technology for Secondary Development

Equations (10), (11), (21), and (28) imply that the equilibrium wage of secondary developers is
the same in the case of successful and unsuccessful research, and equals their VMP with the most
productive of the existing fundamental technologies k& < m in period 2 (technology n). Accumu-
lating secondary knowledge raises the productivity of the fundamental technology for which it is
acquired by a constant proportion p > 1 and the productivity of all other fundamental technologies
by a smaller proportion (equation (8)). In period 1, secondary developers will therefore choose to
acquire skills for the technology 7 which was the most productive of all existing technologies k < m
in period 2 of the previous generation ¢ — 1. After further secondary development, this technology
will remain the most productive in period 2 of generation ¢, and will yield the highest period 2

wage for secondary developers. In terms of the notation above, we have j = n,

Ath = Aoy, = sup {A2tl~c = F2Vtk'§2tk} )

k<m
In principle, any of the existing fundamental technologies k£ < m may be the most productive.
However, if we begin with an initial distribution of effective secondary knowledge such that all
fundamental technologies have the same stock of effective secondary knowledge (§20k = Sy for all
k), the most advanced fundamental technology m will always be chosen for secondary development
in each subsequent generation. This can be seen clearly for generation ¢ = 1. The most advanced

fundamental technology m(1) has a higher stock of fundamental knowledge and the same stock of
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secondary knowledge as all other technologies, and will therefore be chosen for secondary devel-
opment. Secondary development will lead to an increases in the productivity of this technology
relative to all existing technologies k < m(1). If no fundamental innovation occurs during genera-
tion 1’s lifetime, it will therefore remain optimal for generation 2 to choose for the most advanced
fundamental technology m(2) = m(1) for secondary development. If a fundamental innovation
occurs during generation 1’s lifetime, it will again remain optimal for generation 2 to choose the
most advanced fundamental technology m(2) > m(1) for secondary development. This follows from
the fact that, in order for equilibrium fundamental research to be positive, we require profits from
intermediate input production with a new fundamental technology to be strictly positive. However,
we saw above that a necessary and sufficient condition for profits to be strictly positive is that the
new fundamental technology, when discovered, has a higher level of productivity than the most
productive of all existing technologies.

Except for Section 6, the remainder of the paper will be concerned with equilibria where the
currently most productive fundamental technology m is chosen for secondary development. Hence,
except where otherwise indicated, we substitute m for n in the analysis that follows. It is straightfor-
ward to consider other equilibria. Section 6 introduces uncertainty over the magnitude of secondary
knowledge spillovers. In this case, a restriction on initial conditions no longer ensures that the most
advanced fundamental technology m(t) is the most productive in all subsequent generations t. A
newly discovered fundamental technology may have a lower realized level of productivity than the
currently most productive fundamental technology, and will not be used for intermediate input

production or chosen for secondary development by subsequent generations.

4.4 Equilibrium Levels of Fundamental Research and Secondary Development
Having determined the period 1 choice of fundamental technology for secondary development, this
subsection endogenizes the number of individuals entering fundamental research and secondary

development, and solves for general equilibrium. In an equilibrium with positive levels of funda-

mental research, we require the expected lifetime return from fundamental research (‘A/;F ) to equal
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the expected lifetime return from secondary development (V;S ),

(31) VE =V

With probability A(H/") an individual researcher obtains the patent to the next fundamental
technology m + 1 and enjoys an equilibrium flow of profits equal to (24) in the case of drastic
innovation and (27) in the case of non-drastic innovation. With probability (1 — A(HF")), she fails
to obtain the patent to fundamental technology m + 1 and receives zero period 2 returns from

fundamental research.' The expected lifetime return from fundamental research is thus,

(32) Vitms) = M) [Qoymry — 1 bom HY
1 : v 1\¢
. it 1Y (Saum) [ Soom > (2)
(33) where Qoy(m11) =

Lotmery i 770(S2um)/Satm < (é)a

From the analysis above, the period 2 equilibrium wage of a secondary developer equals her
VMP with the currently most productive fundamental technology (j = m = m). This is true
irrespective of whether fundamental research is successful in period 1. The expected lifetime return

from secondary development is thus,

(34) ‘A/tfn = thm

In equilibrium, we require that the number of secondary developers equals the supply of workers

minus the number of fundamental researchers,

(35) HS = H - HF

Using equations (32), (34), and (35) in the requirement that the expected lifetime return to

fundamental research equals the expected lifetime return to secondary development (31), we obtain,

4 Although the researcher receives a period 2 income of #9.(L/H) from her endowment of land.
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(36) L= ACHE). [Qaugmsn) — 1) .(H — HF)

Equation (36) determines the equilibrium allocation of workers to fundamental research and
secondary development. The left and right-hand sides of the equation may be interpreted as the
private marginal cost and marginal benefit of fundamental research respectively. Since the terms
A(H}) and (H — HY') are both monotonically decreasing in H}", we immediately obtain,

Proposition 1: If Qg,41) > 1 and A(1). [Qgt(mﬂ) - 1} .(H —1) > 1, a unique positive
equilibrium level of employment in fundamental research, fIf , exists

Proof: Proposition 1 follows immediately from equation (36) H

Proposition 1 makes clear that, in order for positive equilibrium levels of fundamental research
to occur, two conditions must be satisfied. First, we require 294, 41) > 1. This is a requirement
that equilibrium profits from intermediate input production with the new fundamental technology,
if discovered, are strictly positive. As already discussed, this condition is necessarily satisfied for
drastic innovations. For non-drastic innovations, we saw that equilibrium profits from intermediate
input production will only be positive if the new fundamental technology m + 1 is more productive
than the currently most productive technology m. The most interesting set of parameter values
are those where, in the absence of secondary development (Sy;—1), = 1 and Sy, = p.1), a

@ which must

new fundamental technology would constitute a drastic innovation (v”.¢(u)/u > a~
hold for sufficiently large +). In this case, the economy moves endogenously between periods of
drastic and non-drastic fundamental innovation, depending on the (random) interval between the
discovery of fundamental technologies. The longer the interval of time since the discovery of the
last fundamental technology, the greater the accumulated stock of secondary knowledge (Sg(t,l)m)
and the more likely a fundamental innovation will be non-drastic.

The second condition for positive equilibrium fundamental research is A(1). [QQt(m+1) — 1} (H-

1) > 1. That is, we require the expected lifetime return to fundamental research to exceed the ex-

pected lifetime return to secondary development for the first worker entering fundamental research.
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Whether this condition is satisfied depends on the accumulated stock of secondary knowledge re-
lating to fundamental technology m. The most interesting set of parameter values are again those
where, in the absence of secondary development (Sy—1)m = 1 and Saym = p.1), the condition is
satisfied. That is, in the absence of secondary development, the expected lifetime return to funda-
mental research exceeds the expected lifetime return to secondary development for the first worker
entering fundamental research, and equilibrium employment in fundamental research is strictly
positive. This must be the case for sufficiently large values of A and -, sufficiently small values of
«, and sufficiently large values of H. The interior equilibrium is the interesting case, and therefore
the remainder of the paper concentrates upon it. However, it is also possible to analyze the cor-
ner equilibrium, where, even in the absence of secondary development, equilibrium employment in
fundamental research is zero.

The determination of equilibrium research employment is shown diagrammatically in Figure
3. Many of the comparative statics of the model are as expected from the quality ladder model
without a distinction between fundamental research and secondary development. For example,
equilibrium fundamental research is monotonically increasing in the probability of fundamental
innovation, A, and the supply of labour, H. However, unlike the conventional quality ladder model,
the stock of secondary knowledge accumulated for fundamental technology m (Sy;—1)m) plays a
central role in determining the equilibrium amount of fundamental research directed at the discovery
of fundamental technology m + 1.

<Figure 3 about here>

Proposition 2: Under the assumption of imperfect secondary knowledge spillovers (0 <
¢ (Sm)-Sm/d(Sm) < 1),

(a) There is a critical value for the accumulated stock of secondary knowledge, Sg(t_l)m >

1, such that, when Sg( is attained, fundamental technology m + 1 becomes a non-drastic

t—1)m
innovation.

(b) There is a second critical value for the accumulated stock of secondary knowledge, 521(t—1)m >
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1, such that, when S%( is attained, equilibrium employment in fundamental research is zero

t—1)m
and technological lock-in occurs.

(c) For the range of values for the stock of accumulated secondary knowledge, Sa(;—1,, in which
fundamental innovation is non-drastic (Sg(t_l)m < Sat—1ym < S21(t—1)m)7 equilibrium employment in
fundamental research is monotonically decreasing in the stock of accumulated secondary knowledge.

Proof: See Appendix. W

The effect of the accumulated stock of secondary knowledge (Sa(¢—1)m) on equilibrium incentives
to engage in fundamental research provides the sense in which technological change is path depen-
dent. As the (random) interval of time since the discovery of fundamental technology m increases,
the accumulation of secondary knowledge relating to fundamental technology m affects workers’
incentives to engage in research directed at the discovery of fundamental technology m + 1. In
this way, the historical path of secondary development influences current incentives to engage in
fundamental research.

There are three implications of path dependence for endogenous rates of innovation. First, as
the stock of accumulated secondary knowledge increases, the secondary knowledge obsolescence
that would be induced by the discovery of fundamental technology m + 1 means this technology
(when discovered at a future point in time) is less likely to be a drastic innovation (Proposition
2(a)). Second, once the stock of accumulated secondary knowledge (Sa(;—1)m) becomes sufficiently
large that fundamental innovation m + 1 is non-drastic, further secondary knowledge accumulation
reduces the equilibrium value of the limit price that can be charged by the researcher who discov-
ers fundamental technology m + 1. In this way, secondary knowledge accumulation reduces the
equilibrium profits to be made from intermediate input production using fundamental technology
m —+ 1 and reduces current incentives to engage in fundamental research. Thus, for the range of
values for the stock of accumulated secondary knowledge (Sa(;—1)m) in which fundamental innova-
tion is non-drastic, equilibrium employment in fundamental research is monotonically decreasing

in Sy(;—1)m (Proposition 2(c)).
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Third, if sufficient further secondary knowledge accumulation occurs, the equilibrium limit price
that can be charged by a successful researcher and the corresponding profits from intermediate in-
put production may fall to such an extent that the expected lifetime return for the first worker
entering fundamental research no longer exceeds the expected lifetime return from secondary devel-
opment (Proposition 2(b)). In this case, the economy becomes locked-into the existing fundamental
technology, even though fundamental research would be profitable in the absence of secondary de-
velopment. Despite the fact that potentially more productive fundamental technologies could be
discovered (more productive after the same level of secondary development), the secondary devel-
opment of the existing fundamental technology has proceeded to such an extent that it is no longer
profitable to search for these alternative fundamental technologies.

In a model with endogenous fundamental innovation, technological lock-in is a special case of a
more general phenomenon: path dependent technological change. How far secondary development
must proceed before technological lock-in will occur is endogenously determined by the values of
the parameters \,v,v,u, H and the form of the function ¢(-). Since the interval between two
fundamental innovations is a random variable, it follows that, for any fundamental technology m,
there is a finite probability that technological lock-in will occur. The time path of equilibrium
research employment as a function of the stock of accumulated secondary knowledge is plotted in
Figure 4.

<Figure 4 about here>

In Section 7, we extend the analysis to allow for many intermediate goods sectors. Techno-
logical lock-in may occur in individual sectors of the economy, while others continue to exhibit
positive levels of both fundamental research and secondary development. First, Section 5 considers
the implications of path dependent technological change for output growth with a single interme-
diate goods sector. Section 6 introduces uncertainty over the magnitude of secondary knowledge

spillovers.
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5 Final Output Growth

From equation (2), the rate of growth of final goods output between any two generations ¢t —1 and ¢
will be a function of three sets of influences: (a) fundamental knowledge accumulation, (b) secondary
knowledge accumulation, and (b) changes in employment in the intermediate goods sector. In
particular, the rate of output growth will depend upon whether or not a fundamental innovation
occurs in generation ¢. The discovery of a new fundamental technology m + 1 in generation ¢ has
two offsetting effects on final goods output. On the one hand, it increases the stock of fundamental
knowledge, which raises final goods output (F2t(m+1) = 'y.Fg(t_l)m) . On the other hand, it induces
secondary knowledge obsolescence, which reduces final goods output (g2t(m+1) = ¢(52(t_1)m) <
Sot—1ym) - If a fundamental innovation occurs in generation ¢, the rate of growth of final goods

output is, from equation (2),

_ ot (11 S2(t-1)m) H - HF
37 =1 =v.ny+In|—""—— | +aln| ———
(37) (¢=1In < ) v.lny+1In < a.ln T

Ya(t—-1) S2(t71)m i

In an equilibrium with positive fundamental research, we saw that the new fundamental tech-
nology m+1 must have a higher level of productivity than the currently most productive technology
m: Loyme1) > 1 or v/ é(Satm) > Satm. Therefore, the sum of the first two terms in equation (37)
must be strictly positive. In economic terms, the positive direct effect from increased fundamental
knowledge exceeds the negative indirect effect from secondary knowledge obsolescence.

The presence of the third term in equation (37) is the result of the path dependent nature of
technological change. Proposition 2 established that, if a fundamental innovation is non-drastic,
equilibrium employment in fundamental research is monotonically decreasing in the stock of ac-
cumulated secondary knowledge, Sa(;—1)m (as illustrated in Figure 4). Therefore, for non-drastic
fundamental innovations, equilibrium employment in fundamental research in generation ¢ ([:ItF )
will differ from that in generation t —1 (ﬁtF_ 1), depending upon the stock of accumulated secondary
knowledge inherited by each generation. If generation t inherits a larger stock of accumulated

secondary knowledge than generation ¢t — 1 (which depends upon whether a fundamental innova-
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tion occurred in generation ¢ — 1), equilibrium employment in fundamental research will be lower
(HF < HF'|). Generation t allocates more labour to secondary development and intermediate
input production. This constitutes an additional source of growth in final goods output, and is
reflected in the third term in equation (37).

If a fundamental innovation does not occur in generation t, the rate of growth of final goods

output is, from equation (2),

Yot H—HF
38 ¢ =In —lptaln | 22t
(39 = <wwm> 8 (H— Fa

The accumulation of further secondary knowledge relating to fundamental technology m raises

final goods output by the proportion g > 1. The presence of the second term in equation (38)
reflects the path dependent nature of technological change in exactly the same way as above.

The expected rate of growth of final goods output between generations ¢ and t—1 at the beginning
of generation ¢ (E[ln(y;/y:—1)]) is a weighted average of (; and ¢, with weights AHE).HE and
(1 — A(HF).HF) respectively. In principle, ¢; may be either higher or lower than ¢,» depending
upon the size of fundamental innovations and the extent to which secondary knowledge spills over
across fundamental technologies (depending upon the relative size of the first two terms in equation
(37) and the first term in equation (38)). However, if fundamental innovations are sufficiently large
(large 7), ¢; must necessarily exceed ¢, In this case, the expected rate of growth of final goods
output is monotonically increasing in the probability of fundamental innovation A(HF).HF =
ﬁ—u—xﬁﬂ.

The probability of fundamental innovation A(Hy).H; is monotonically increasing in equilibrium
employment in fundamental research. The effect of the probability of fundamental innovation
on the economy’s expected growth rate provides one way in which path dependent technological
change influences economic growth. Proposition 2(c) established that, for non-drastic fundamental
innovations, equilibrium employment in fundamental research is monotonically decreasing in the

accumulated stock of secondary knowledge (Sy¢—1)m). Thus, as the secondary development of an
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existing fundamental technology m proceeds, equilibrium research employment and hence the prob-
ability of fundamental innovation fall over time. The secondary development of one fundamental
technology reduces employment in fundamental research and decreases the economy’s expected rate
growth.

For both drastic and non-drastic fundamental innovations, the accumulation of secondary knowl-
edge relating to an existing fundamental technology m has a negative direct effect upon the econ-
omy’s expected rate of growth. With imperfect knowledge spillovers (¢/(Spm,).Sm/é(Sm) < 1), the
accumulation of secondary knowledge relating to fundamental technology m raises the productivity
of fundamental technology m by a greater proportion than technology m + 1. Hence, the larger an
economy’s accumulated stock of secondary knowledge (Sg(t_l)m), the greater the fall in the quality
or productivity of intermediate inputs as a result of secondary knowledge obsolescence when fun-
damental technology m + 1 is discovered. A larger stock of accumulated secondary knowledge thus
reduces the rate of growth of final goods output when a fundamental innovation occurs ({;) and
hence the economy’s expected rate of growth (more formally, the second term in equation (37) is
monotonically decreasing in Sy;_1)m)-

In Proposition 2(b), we established that, if secondary development proceeds far enough (Sy(;—1)m >
S%(t_l)m), the economy will become locked into an existing fundamental technology. In this case,
the actual and expected rate of growth of final goods output will equal ¢ , with I:ItF = 0. We have
already seen that, for sufficiently large fundamental innovations (large 7) and a sufficiently small
rate of secondary development (as p — 1), ¢ , < ¢;. The economy’s expected rate of growth when
technological lock-in occurs is thus lower than in an equilibrium characterized by positive amounts
of fundamental research; the economy becomes locked-into a low growth equilibrium.

Path dependence in a model of endogenous innovation provides a rationale for ‘cycles in tech-
nological leadership’, where an initially backward country catches-up with and eventually leapfrogs
an initially more advanced country. This rationale exists in equilibria characterized by positive

levels of fundamental research; the point is made most clearly with an example. Consider two
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countries (A and B) in generation ¢. The two countries may trade the homogenous final good,
but we begin by assuming no international knowledge spillovers. The two countries have identical
stocks of accumulated secondary knowledge for the current state of the art fundamental technology
(m). However, country A has a more sophisticated fundamental technology (m# > m?), and this
is reflected in a higher level of productivity and income per capita in country A. Consider the
evolution of technology from generation ¢t onwards. Suppose that country A experiences a series of
failures in fundamental research. Secondary knowledge specific to fundamental technology m4 ac-
cumulates over time. If this continues for a sufficiently long length of time, the existing fundamental
technology will become so productive that fundamental technology m# + 1, if discovered, would
constitute a non-drastic innovation. Further secondary knowledge accumulation will reduce equi-
librium employment in fundamental research and hence reduce the probability that fundamental
technology m# + 1 is actually discovered.

In contrast, suppose that country B experiences a series of research successes. Productivity
and income per capita will rise as a result of a higher stock of fundamental knowledge. Secondary
knowledge obsolescence induced by the discovery of new fundamental technologies means that the
successors to technology m? are either more likely to be drastic innovations or, if they remain non-
drastic, will exhibit higher levels of equilibrium fundamental research employment. This increases
the probability of further fundamental innovation, with consequent increases in productivity and
income per capita. Thus, by generation ¢’ > ¢, country B may have overtaken or leapfrogged country
A, both in the sense of acquiring a more sophisticated fundamental technology (m® > m4) and
having a higher level of income per capita.

Once international knowledge spillovers are introduced into this framework, the potential for
catch-up and leapfrogging depends upon the magnitude of international spillovers of fundamental
and secondary knowledge. For example, if there are fundamental knowledge spillovers but no sec-

ondary knowledge spillovers, this increases the ability of an initially backward country to overtake

or leapfrog its initially more advanced counterpart. Productivity in the backward country rises be-
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cause of a higher stock of fundamental knowledge. Moreover, the obsolescence of secondary knowl-
edge implied by the switch to a more advanced fundamental technology means that fundamental
innovations are more likely to be drastic or, if they are non-drastic, will be characterized by higher
equilibrium levels of fundamental research employment. Secondary knowledge spillovers with no
fundamental knowledge spillovers have exactly the opposite effect. Since fundamental knowledge is
modelled as a sequence of potentially more productive blueprints, while secondary knowledge takes
the form of human capital, it seems plausible that spillovers of fundamental knowledge are larger

than those of secondary knowledge.

6 Uncertain Secondary Knowledge Spillovers

The analysis so far has presented a model of fundamental research and secondary development,
where technological change is path dependent and technological lock-in may occur. The extent of
secondary development of one fundamental technology affects agents’ incentives to search for more
advanced fundamental technologies. The analysis is consistent with the large empirical literature
emphasizing the endogeneity of technological change and the wide range of empirical studies ar-
guing that technological change is path dependent. This Section extends the analysis to allow for
uncertainty in the extent of secondary knowledge spillovers. This results in more general dynamics,
whereby, even if fundamental research is profitable, a newly discovered fundamental technology
may not be selected for intermediate input production or chosen for secondary development by
subsequent generations.

The specification of secondary development is exactly as in Subsections 3.3 and 3.4 above, ex-
cept that we allow for uncertainty over the function ¢(-) which determines the extent of secondary
knowledge obsolescence. Secondary knowledge spillovers are always imperfect in the sense of sat-
isfying the inequality in (5), but they are ‘large’ with probability x and ‘small’ with probability

(1 —x). More formally,
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(39) gm—l—l = X-0(Sm) + (1 — X)-Q(Sm)a 0<x<1

both ¢(Sm) and ¢(Sm) satisfy the restriction in (5)
where B
(Sm) > ¢(Sm) for all Sy, > 1

Equilibrium employment in fundamental research is determined in exactly the same way as
above, except that equations (36) and (33) must be modified to take into account the fact that
there are two possible values for the function ¢(-). That is, equilibrium employment in fundamental
research depends upon expected secondary knowledge spillovers, while the decision whether to
actually produce intermediate inputs with a new fundamental technology m + 1 depends upon
the realized value of secondary knowledge spillovers.

There will be a critical value for the accumulated stock of secondary knowledge, such that
(a) fundamental research is profitable based on expected secondary knowledge spillovers, but (b)
a newly discovered fundamental technology m + 1 has a lower level of productivity than the
currently most productive technology n for small realizations of secondary knowledge spillovers:
(v )mH*”.QmH*”(Sn) < Sp. In this case, equilibrium profits from intermediate input production
with fundamental technology m + 1 will be strictly negative. The new technology will not be used
in intermediate input production or selected for secondary development by subsequent generations.

This further generalizes the dynamics of technological change in the model. A restriction on
initial conditions will no longer ensure that it is always the most advanced fundamental technology
that is selected for secondary development. There are now two senses in which an economy may
become locked-into an existing technology. First, as before, the accumulated stock of secondary
knowledge may become so large that it is no longer profitable to engage in research directed at the
discovery of a new fundamental technology (permanent lock-in). Second, the accumulated stock
of secondary knowledge may be consistent with positive equilibrium employment in fundamental
research, but a new fundamental technology will not be used in intermediate input production for

small realizations of secondary knowledge spillovers (temporary lock-in).
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7 Many Intermediate (Goods Sectors

This Section returns to deterministic secondary knowledge spillovers in order to extend the analy-
sis in two other directions. First, we introduce many intermediate goods sectors. In each of these
sectors, technological change may take the form of fundamental innovation and secondary devel-
opment. Second, we allow for the possibility that the secondary development of one fundamental
technology m may itself play a role in the discovery of technology m + 1; the very process of
secondary development may yield insights into the shape of future fundamental technologies.

The introduction of many intermediate goods sectors follows the approach taken for the stan-
dard quality ladder model (without a distinction between fundamental research and secondary
development) in Aghion and Howitt (1997). We assume that final goods output is produced from

the output of a large number of intermediate sectors i € {1, ..., I},

I

(40) Yot = Z A2tm(i)'xgtil%t_ia ; 0<a<l
i=1

In each sector ¢, the quality or productivity of intermediate inputs depends upon stocks of

(sector-specific) fundamental knowledge and effective secondary knowledge,

(41) A2tm(i) = F2l/tm(i)‘g2tm(i)

where k(i) € {0,1,...,m(i)} denotes the interval starting with the k'® fundamental innovation
in sector ¢ and ending with the k + 1%, and m(i) is the most advanced fundamental technology
currently available in sector 1.

At the beginning of period 1, workers decide whether to engage in fundamental research or sec-
ondary development in a sector ¢. We denote the number of individuals entering either fundamental
research or secondary development in sector ¢ by Hy = Hg + Ht*j . The process of fundamental
research is modelled in exactly the same way as in the basic model with only one intermediate

goods sector, and we assume that the probability of fundamental innovation in sector ¢ is indepen-
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dent of that in all other sectors. Secondary development is also as before, except in the following
respect. As secondary knowledge is accumulated in sector i, we assume there is a probability § > 0
(however small) that this secondary knowledge accumulation will itself result in the discovery of
fundamental technology m(i) + 1. In this case, the new fundamental technology will be employed
under conditions of perfect competition in sector ¢. The probability that any one fundamental
researcher in sector ¢ will receive the patent to technology m(i) + 1 is thus,

(42) AHEY = (1};;5) [1 —(1- A)Hﬁ]

ti

General equilibrium requires that the following conditions are satisfied. First, workers are

indifferent between entering secondary development in sector ¢ and all other sectors j # i,

Wotm (i) = Watm(j)s Viand j#i

~ A F a—1
lotj

~ ~ a—1
Hy; — HE L =
t—/\ t ) = aFth(])S2tm(.7) <
loti

Second, the return to secondary development in all sectors i is greater than or equal to the

(43) OFy iy Satmii) (

return to fundamental research (when greater than the return to fundamental research, this will be

a case of technological lock-in in sector i),

(44) 1> ACH). [Qaumeiy ) = 1| (Ha— HE),  HE >0,
where one of the above inequalities must hold with equality. Third, we require that the rental

rate for land is the same in sector ¢ and all other sectors j # 1,

Toti = Totj, Viand j #1

v Q ZQ i - v Q ZAQ ] -
(45) (1 — a)Fth(i)Sth(i) <7[A{t _t[,\{F> = (1 — O[)Fth(J)Sth(]) < — A _t] _ )
? ti

Fourth, we require that the markets for labour and land clear,
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(46) S Hy=H

I
(47) Z lo; = L

Taking equations (44), (43), and (45) for each sector i, and combining them with the market
clearing conditions (46) and (47), we obtain a system of 3/ independent equations in 31 unknowns
{ﬁm’, flg , thi}. Given the inherited stocks of fundamental and secondary knowledge for generation ¢
(Fg(t_l)m(z-) and Sa_1)m(i) respectively), we may solve for each sector i for equilibrium employment
in fundamental research (I:If; ), the equilibrium number of workers entering either fundamental
research or secondary development (H;), and the equilibrium allocation of land (lay;). It would be
straightforward to simulate the model for specific parameter values. Individual intermediate goods
sectors will become locked-into an existing fundamental technology m(i) whenever the accumulated
stock of secondary knowledge exceeds the critical value S21(t—1)m derived in Section 4. Whether this
critical value is attained depends upon the (random) interval between fundamental innovations in
sector i. Thus, in any generation ¢, there will be an inflow of sectors into the state of technological
lock-in, and this inflow will depend on the distribution of the accumulated stock of secondary
knowledge (Sy(¢—1)m(i)) across sectors i.

In the remaining intermediate goods sectors, fundamental research will continue to occur,
and equilibrium employment in fundamental research solves 1 = A(ﬁ£ ). |:Q2t(m(i)+1) — 1] (Hy —
ﬁf; ). In these sectors, the aggregate probability that a new fundamental technology is discovered
(A(HE).H} + 6) depends upon both fundamental research and the extent to which secondary de-
velopment may itself result in fundamental innovation. In sectors locked-into existing fundamental
technologies, there is of course no research. However, as secondary development proceeds, there
will remain a constant probability ¢ that a new fundamental technology is discovered. Thus in any
generation ¢, there will also be a random outflow of sectors from the state of technological lock-

in. The evolution of aggregate final goods output (40) over time depends upon both the number
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of sectors subject to technological lock-in (S2(t—1)m(i) > S%(t_l)m) and equilibrium investments in

fundamental research (H) in all other sectors.

8 Conclusion

This paper has presented a model of endogenous innovation and growth, in which technological
progress is path dependent and technological lock-in may occur. The analysis is motivated by
the literatures concerned with the history and microeconomics of technology, in which these are
central themes. The paper provides a microeconomic rationale for path dependence using four
features of technological change emphasized in empirical work: endogenous innovation, uncertainty,
a distinction between fundamental innovation and secondary development, and imperfect spillovers
of secondary knowledge across fundamental technologies.

With imperfect secondary knowledge spillovers, an increase in the stock of secondary knowledge
relating to one fundamental technology m reduces agents’ incentives to engage in research directed
at the discovery of technology m+ 1. Technological change is path dependent, in the sense that the
historical path of secondary development influences current incentives to engage in fundamental
research. There are a number of implications of path dependence. First, as the stock of accumulated
secondary knowledge increases, the secondary knowledge obsolescence that would be induced by
the discovery of fundamental technology m + 1 means that this technology (when discovered) is
less likely to constitute a drastic innovation. Thus, depending on the (random) interval between
fundamental innovations, the economy moves endogenously between periods of drastic and non-
drastic innovation.

Second, once fundamental innovation becomes non-drastic, further secondary development of
an existing fundamental technology m reduces the future limit price that can be charged when
fundamental technology m+1 is discovered. The expected return to fundamental research falls, and
the secondary development of one fundamental technology thus reduces equilibrium employment

in research directed at the discovery of the next fundamental technology. Third, if secondary
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development proceeds sufficiently far, the economy may become locked-into an existing fundamental
technology. In such an equilibrium, secondary development has increased the productivity of the
existing fundamental technology to such an extent, that it is no longer profitable to search for more
advanced fundamental technologies, despite the fact that these would be more productive if they
had benefited from the same level of secondary development.

Fourth, a model of endogenous innovation in which technological change is path dependent
provides a rationale for cycles in technological leadership. This rationale exists in equilibria with
positive levels of fundamental research and is not limited to the special case of technological lock-
in. Cycles in technological leadership may occur even in a world with no international knowledge
spillovers and no imitation. Once international knowledge spillovers are introduced, the extent of
technological catch-up and leapfrogging depends on the relative magnitude of spillovers of funda-
mental and secondary knowledge.

The model’s tractability made possible a very general specification of secondary knowledge
spillovers, and enabled us to consider a number of extensions to the basic model. Uncertainty
over the magnitude of secondary knowledge spillovers leads to a distinction between temporary
technological lock-in (where it is not profitable to employ a new fundamental technology, once
discovered, for small realizations of secondary knowledge spillovers) and permanent technological
lock-in (where it is no longer profitable to search for new fundamental technologies given the
expected magnitude of secondary knowledge spillovers). Introducing multiple intermediate goods
sectors allows technological lock-in to occur in individual sectors of the economy, while the economy
as a whole experiences endogenous growth as a result of both fundamental research and secondary

development.

9 Appendix

9.1 Proof of Proposition 2

(a) A fundamental innovation is non-drastic if,
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7" ¢(S2tm) < ( 1 )a

Satm «a

If ¢'(Sm)-Sm/@(Sm) < 1, the left-hand-side of this inequality is monotonically decreasing in the
stock of accumulated secondary knowledge, Sa—1)m, (Where Saym = 11.59(;—1)m). Therefore, there
exists a critical value for the stock of accumulated secondary knowledge, Sg(t_l)m > 1, such that
this condition is satisfied.

(b) For values of the stock of secondary knowledge Sh(;—1)y, > Sg( fundamental innovation

t—1)m>’

is non-drastic. In this case, from (36), equilibrium employment in fundamental research solves,

1
(48) 1:Auﬁw{<lf@@ﬁ>a—q.gr—ﬂf)
Sbun
Multiply out the term in parentheses on the right-hand side of this equation, and note that
Sotm = p-Sa(t—1)m- Take logarithms of both sides of the equation, and differentiate with respect to

So(¢—1)m- The effect of Sy;_1)m, on equilibrium research employment depends upon the sign of,

Vo (p.So4—
dlog (7 P(u 2(t 1)m)

dSo(t—1\m
M-S2(t—1)m >/ 26-D)

If ¢'(Sm).Sm/d(Sm) < 1, this term is strictly negative. Therefore, the right-hand side of (48)
is monotonically decreasing in Sp(;_1)m,- There exists a critical value for the stock of accumulated

secondary Szl(tq)m > 1 such that,

v (.S
1> AQL). (7 ¢(§1 2=y
H-92(4—1)m

For values of Sy(;_1)y, > 521(

)E—l(H—U

t—1)m> equilibrium employment in fundamental research is zero and
the economy becomes locked-into the existing fundamental technology m.

(c) This follows immediately from (b) above. Bl
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9.2 Diminishing Returns to Secondary Development

Technological change remains path dependent and technological lock-in remains possible if we
introduce diminishing returns in the process of secondary development. Consider the following

modification of equation (8) in the paper,

(49) H=p (52(t—1)j)
dp (Sz(t—l)j)
1) >1, — <0
(1) A
limg,, ;);—00 1 (Sg(t_l)j) — K, 0<r<l1

This specification is itself very general and consistent with a wide range of functional forms for
w(+). We again consider equilibria where the most advanced fundamental technology is selected for
secondary development: j = n = m. The main body of the paper derived a sufficient condition for
this to be case.

If fundamental research is unsuccessful in generation ¢, secondary knowledge relating to the
existing fundamental technology m will accumulate between generations ¢ — 1 and ¢ according to
equations (8) and (49). The evolution of the stock of secondary knowledge relating to fundamental
technology m is shown diagrammatically in Figure 5. If S% denotes the initial stock of secondary
knowledge when fundamental technology m was discovered, secondary knowledge will, in the ab-
sence of success in fundamental research, continue to accumulate across successive generations until
the steady-state value S,, is attained. This steady-state value solves M(Sm) =1, and provides an
upper bound to stock of secondary knowledge relating to fundamental technology m that can be
accumulated.

<Figure 5 about here>

Whether the steady-state value S, is actually achieved will depend upon the (random) interval

of time between fundamental innovations. Suppose a fundamental innovation occurs in generation
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t before the steady-state value is attained: for example, when the accumulated stock of secondary
knowledge is So_1)m = Sb . 1In this case, the evolution of the stock of secondary knowledge
between generations ¢ — 1 and ¢ depends upon the extent of secondary knowledge obsolescence:
SQt(m—H) =¢ [M(SZ(t—l)m)'SQ(t—l)m] =¢ {N(S?n)'sfn]'

The dynamics of secondary knowledge accumulation for subsequent generations are directly
analogous. The determination of equilibrium employment in fundamental research is exactly the
same as in the paper, and technological change remains path dependent. Whether technological
lock-in occurs depend upon (a) the random interval between fundamental innovations (as in the
main body of the paper) and (b) whether the critical value for the stock of accumulated secondary

knowledge that induces technological lock-in (S21( ) is less than or greater than the steady-state

t—1)m

value S’m.
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Figure 1: The Timing of Decisions



Figure 2: The Structure of Knowledge



Figure 3: Equilibrium Employment in Fundamental Research



Figure 4: Equilibrium Employment in Fundamental Research as a Function of the
Accumulated Stock of Secondary Knowledge



Figure 5: Diminishing Returns to Secondary Development



