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Abstract

Recent empirical work finds that R&D expenditures are quite procyclical, even for firms
that are not credit-constrained during downturns. This has been taken as strong evidence
against Schumpeterian-style theories of business cycles that emphasize the idea that downturns
in production may be good times to allocate labor towards innovative activities. Here we argue
that the procyclicality of R&D investment is, in fact, quite consistent with at least one of these
theories. In our analysis, we emphasize three key features of R&D investment relative to other
types of innovative activity: (1) it uses knowledge intensively, (2) it is a long-term investment

with uncertain applications and (3) it suffers from diminishing returns over time.

This paper has benefitted from the comments of seminar participants at NYU. Funding
from the Social Sciences and Humanities Research Council of Canada and the Canadian
Institute for Advanced Research is gratefully acknowledged. The usual disclaimer applies.
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1 Introduction

Empirical evidence suggests that R&D expenditures in the US and other OECD economies are
pro—cyclical. This evidence appears to run counter to recent theories which have revived the
Schumpeterian notion that economic downturns play an important role in promoting long run
productivity growth. In this article we demonstrate that, in fact, the pro—cyclical behavior of
R&D is quite consistent with at least one of these theories. Our analysis emphasizes the fact that
R&D is just one part of a multi—stage innovative process by which basic discoveries are eventually
translated into productivity improvements. We show that the inherent uncertainty regarding the
timing and eventual application of new ideas implies that R&D investment naturally exhibits
very different business cycle properties to other forms of innovative activity.

The notion that downturns may induce greater R&D spending, is often associated with the im-
pact of negative shocks in Schumpeterian endogenous growth models. By lowering wages, negative
shocks reduce the opportunity costs of innovative effort and induce higher long term productivity
growth (see Aghion and Saint Paul (1998) for a survey). A number of recent theories of “endoge-
nous growth cycles” imply the economy alternates between phases of high productivity growth
and high fixed capital formation and phases of low productivity growth, but intensive R&D (e.g.
Bental and Peled (1996), Matsuyama (1999, 2001) and Wilde (1999, 2001). However, because
they feature no absolute downturns in economic activity and/or are single-sector models, it is
difficult to relate these theories to the actual business cycle. In contrast, Francois and Lloyd-Ellis
(2003) develop a multi-sector Schumpeterian paradigm in which expansions and absolute down-
turns are an intrinsic part of the long—term growth process. Expansions reflect the endogenous,
clustered implementation of productivity improvements (as in Shleifer, 1986), and recessions are
the negative side-product of the restructuring that anticipates them."

Most empirical evidence on R&D spending appears to run counter to the predictions of these
theories. Looking at aggregate NSF data on R&D spending in the post—war US, Saint—Paul
(1993) finds “little evidence of pro— or countercyclical behavior”. However, Fatas (2000) docu-
ments that growth in real R&D expenditures in the US is positively correlated with real GDP
growth. Moreover, Barlevy (2005a), focussing only on the growth rate of real R&D expenditures
financed by private industry (NSF data), finds that it tends to be significantly higher during
periods of rapid economic growth. Wélde and Woitek (2004) study the cyclical behavior of R&D
expenditures by business enterprises in G7 countries over the period 1973-2000. On balance, they

also find stronger evidence in favour of pro—cyclical rather than countercyclical R&D spending.

!'Francois and Lloyd-Ellis (2006) extend the model to allow for capital accumulation and show how fluctuations
in the investment rate support the incentives needed to generate the multi-sector cycle.



Recently, a number of theories have been advanced to explain why R&D spending may be pro—
cyclical. Aghion et al. (2005), for example, show how R&D may fall during recessions because of
tighter credit constraints. However, using Compustat data on the R&D expenditures of publicly
traded companies in the US, Barlevy (2005a) finds that the tendency for R&D growth to fall
during recessions is actually more pronounced in firms that are less likely to be credit constrained.?
Barlevy (2005b) develops a stochastic Schumpeterian growth model in which, although it is
socially optimal for R&D to be concentrated during downturns, short—term behavior by innovators
results in an inefficiently counter-cyclical allocation of resources. In a business cycle model with
endogenous R&D spending, Comin and Gertler (2006) find that exogenous mark—up shocks can
also induce pro-cyclical movements in R&D.?

Here, we demonstrate that explicitly introducing R&D into the intrinsic business cycle model
of Francois and Lloyd-Ellis (2003), as the first step in a multi-stage innovative process, implies

4 Our explanation does not

that R&D investment inherently evolves in a pro—cyclical manner.
depend on the existence of tightening credit constraints during downturns nor on short—term
behavior by innovators. Moreover, it arises in a model in which both the cyclical process and
growth are endogenously determined. Here the pro—cyclical behavior of R&D is the result of three
assumed characteristics of R&D: (1) its productivity is enhanced by implemented technology, (2)
it is a long—term investment with uncertain applications and (3) there are diminishing returns to
existing knowledge.

Although it is common to assume that ideas discovered through R&D are immediately trans-
lated into productivity gains, in reality R&D (as typically defined) is just the first step in the
overall innovative process. According to the official OECD definition, R&D is distinguished from
other innovation costs in that it must have “an appreciable element of novelty and the resolution
of scientific and/or technological uncertainty.” However, as others have argued, this is a rather
narrow definition of innovation. For example, Kamin, Bijaoui and Horesh (1982), Evangelista
et al. (1997) and Baldwin et al. (2004) identify many activities (e.g. product development and
design, product specification, prototype construction, manufacturing startup and organizational
adjustments) that are crucial for adapting and implementing newly developed technology into
production, but which are not generally classified as R&D. In all these studies, R&D spending
accounts for less that 50% of the overall costs of innovation.

In the model developed here, we decompose the innovation process into three distinct stages:

R&D, commercialization and implementation (see Figure 1). R&D is modelled as a costly process

2 Aghion et al. (2005) do find cross—country empirical evidence in support of their theory.

3Tarashima (2005) argues that to resolve the pro-cyclical R&D puzzle one must abandon the conjecture that
cycles are driven by technology shocks altogether.

4In our earlier work, the implications for the cyclical behaviour of R&D was left unspecified.
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which generates potentially productive “ideas” whose exact application and timing thereof (if
ever) is uncertain. We assume that these ideas are patented immediately, even though their
exact application is unknown, so that some share of the return can be reaped by investors. We
use the term commercialization to refer to the process of matching these ideas with particular
applications and adapting them for use. Commercialization is modelled as a form of costly search
by entrepreneurs and/or managers who are motivated by a share of the expected profits.” In
particular, the rate at which existing ideas are commercialized depends on this entrepreneurial
search effort. Once commercially—viable uses have been identified, they can then be implemented
in production at an optimally chosen date by licensing to intermediate goods producers. The
resulting profits are divided between investors in R&D and the entrepreneur /managers according

to a simple Nash bargain.

/ \ Search

Intensity
Feedback

Knowledge k

Feedback Commercialization

Implementation

Figure 1: Multi-stage innovative process

As in Francois and Lloyd-Ellis (2003), commercialization is concentrated towards the end of
downturns, peaking just prior to the subsequent boom. The very fact that this search activity
intensifies during recessions, implies that the value of ideas whose applications have yet to be
determined is maximized at the cyclical peak.® After this, the value of these “unmatched ideas”
declines temporarily as the likelihood of identifying a commercially viable application before the
next expansion declines. Since the expected cost of obtaining each idea does not also fall, R&D

actually ceases altogether during recessions.” Following an implementation boom, the interest

®One could interpret these agents more narrowly as venture capitalists.

%Nickell, Nicolitsas and Patterson (2001) find that many “managerial innovations” (e.g. changes in structure,
more decentralization, changes in human resources management practices, the implementation of just in time
technologies) are concentrated during in downturns.

"In a model with fixed capital formation, R&D would decline but not necessarily fall to zero. See Francois and
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rate rises and the value of unmatched ideas grows as the next phase of intensified commercial-
ization approaches. This induces increased investment in R&D, causing the stock of potentially
productive knowledge to rise. Due to diminishing returns to existing knowledge, the equilibrium
unit cost of R&D consequently rises with the value of new ideas through the expansion. Thus,
the incentives to undertake R&D move in exactly the opposite way over the cycle to those faced
by entrepreneur/managers engaged in commercialization.

The remainder of the paper is laid out as follows. Section 2 develops the building blocks of
the model. Section 3 posits and describes behavior in the cyclical equilibrium and elaborates the
dynamics over the phases of the cycle. Section 4 derives sufficient conditions for existence to be
met. Section 5 demonstrates existence of the equilibrium for various sets of parameter values and

explores the equilibrium’s qualitative characteristics. Section 6 concludes.

2 The Model
2.1 Assumptions

There is no aggregate uncertainty. Time is continuous and indexed by ¢ > 0. The economy is
closed and there is no government sector. There are L infinitely—lived households with identical

il
dr (1)

iso—elastic preferences: 7
o0 Moo -1
Ut) = ep(r—t) 2\
" l1—0
where p denotes the rate of time preference and o is the inverse of the elasticity of intertemporal
substitution. Each household maximizes (1) subject to the intertemporal budget constraint
z z

e BO=ROIC(rdr < B(t)+ e BO=EOly(7)dr (2)
t t

where w(t) denotes wage income, B(t) denotes the household’s stock of assets at time ¢ and R(t)
denotes the discount factor from time zero to .
Final output is produced by competitive firms according to a Cobb-Douglas production func-

tion utilizing intermediates, x, indexed by ¢, over the unit interval:
HZ |

Y (t) = exp . Inz;(t)di . (3)

We let p; denote the price of intermediate i. Final output can be used for consumption, C(t),

investment in R&D, Ig(t), or (potentially) stored:

C(t) +Ir(t) <Y (1). (4)

Lloyd-Ellis (2006).



Output of intermediate ¢ depends upon the state of technology in sector i, A;(t), and the

labor hours, [;, according to a simple linear technology:
z; (t) = Ai(t)li(t). (5)

Labor receives the equilibrium wage w(t). There is no imitation, so the dominant entrepreneur in
each sector undertakes all production and earns monopoly profits by limit pricing until displaced
by a higher productivity rival. We assume that intermediates are completely used up in produc-
tion, but can be produced and stored for use at a later date. Incumbent intermediate producers
must therefore decide whether to sell now, or store and sell later.

For simplicity we assume that, wherever they are ultimately used, new ideas always dominate
old ones by a productivity factor €”. This implies that the total potential productivity of the
stock of existing knowledge can be expressed as Z(t) = e¥N®), where N(t) is the measure of
existing ideas. We assume that this potential productivity evolves according to a Cobb-Douglas

function
Z(t) = p(Ir®)’ [Z()]' 7, (6)

where > 0 and 6 € (0,1]. It follows that the measure of new ideas emanating from R&D per

period is . . ,
o 1200 p In()”
NMO=320 = zw

R&D investment is finagced by selling claims to households. This specification implies that one
1

more new idea requires Z— ? Z(t) units of investment — effectively there are diminishing returns
to existing ideas. The expected value of the share of claims to such an idea, accruing to investors
in R&D, is denoted by €Q(t).

2.2 The Market for Ideas

Although R&D adds to the stock of potentially productive ideas, these ideas are not immediately
commercially viable. We model the market for these ideas as a one—sided matching process in
which entrepreneur /managers allocate labor effort to searching amongst the stock of potential
ideas for those that will be commercially viable in a particular application.® The rate of success of
this search activity is given by 6h;(t), where § is a parameter, and h; is the labor effort allocated
to search in sector ¢. At any point in time, entrepreneur/mangers decide whether or not to

allocate labor effort to searching for commercially viable ideas, and if they do so, how much.

8Comin and Gertler (2006) and Paterson (2006) use a related two-stage framework to capture the delay between
R&D and the adoption of ideas into production. A key difference here is that, once the commerical viability of an
idea is identified, there may be a further (strategic) delay before implementation.

5



The aggregate labor effort allocated to search is given by H(t) = Rol hi(t)dt. As with R&D,
entrepreneurial search is financed by selling claims to households.

Entrepreneurs with commercially—viable innovations must choose whether or not to imple-
ment immediately or delay until a later date. Once they implement, the knowledge of how the
idea can be made commercially viable becomes publicly available, and can be built upon by rival
entrepreneurs. However, prior to implementation, this knowledge is privately held by the entre-
preneur. We let Vil (t) denote the expected present value of profits from implementing at time ¢,
and V;P(t) denote that of delaying implementation from time ¢ until the most profitable time in

the future. It follows that the value of a commercially viable idea is

V' (1) = max[V;” (1), Vi (t)] (7)

7

Once an idea is implemented in production, the households who financed R&D receive (1—n)V*(?)
and those that financed entrepreneurial search receive nV;*(¢). As is common in models of search
and matching, the share parameter 7 is treated as an exogenous outcome of a bilateral bargaining
process.

It follows that the expected value of a claim to an unmatched idea, (t), depends on the
eventual payoff, the rate at which the idea is matched with an application and the delay before it
is implemented. The stock S(t) of “untapped ideas” — ideas emanating from R&D which have

not been matched with a particular application — evolves according to

S(t) = N(t) — 6H(t). (8)

We assume that the ideas which constitute this untapped stock are equally likely to be commer-
cially viable. It follows that the rate at which a given idea is matched is given by 6H (t)/S(t).

Note that we have implicitly imposed the assumption that each idea emanating from R&D

has a unique application, so that once it has been matched with a sector, no subsequent matches

can occur. This greatly simplifies the exposition, with little loss of generality. The model could

be extended to allow for multiple applications without changing the main results.

2.3 Definition of Equilibrium

Given an initial stock of implemented innovations represented by a cross—sectoral distribution of
productivities {A;(0)}1_, an equilibrium for this economy satisfies the following conditions:
e Households allocate consumption over time to maximize (1) subject (2). The first-order con-

ditions of the household’s optimization require that

C(t)7 = C(s)7 e~ Rl)=pli=s) Y t,s, (9)
6



and that the transversality condition holds: limg_,«, e R B (s)=0
e Final goods producers choose intermediates to maximize profits. The derived demand for

intermediate ¢ is then

Y(t)
d
() pi(t) 10)
e Intermediate producers set prices. It follows that the price of intermediate ¢ is given by
w(t)
i(t) = ————, 11
Pl = =i (1)
and the instantaneous profit earned is
mi(t) = (1 —e MY (). (12)
Note crucially that firm profits are proportional to aggregate demand.
e Labor market clearing: 7
1
l;(t)ydi + H(t) =L (13)
0
Labor market equilibrium also implies
w(t)(L — H(t)) =e Y (t) (14)

e Free entry into arbitrage. For all assets that are held in strictly positive amounts by households,
1 R(S)*fi(t)‘

the rate of return between time ¢ and time s must equa =

e There is free entry into search
omViE(t) <w(t), hi(t)>0 with at least one equality, V i (15)

e In periods where there is implementation, entrepreneurs with commercially viable ideas must
prefer to implement rather that delay until a later date.

e In periods where there is no implementation, either there must be no commercially viable
available to implement, or entrepreneurs must prefer to delay rather than implement.

e Free entry into R&D:

=

Q)< L Tz, Ixt)>0 waloe. (16)

I

e The aggregate resource constraint must be satisfied:

C(t) + Ir(t) = Y(1). (17)



3 The Acyclical Equilibrium Growth path

Although we are mainly concerned with the cyclical equilibrium growth path, it is useful for
comparison purposes to briefly consider the stationary growth path of the acyclical equilibrium.
Along this path all commercially—viable ideas are implemented immediately and aggregates grow
at the same constant rate

g% = 6vH. (18)

Consequently, the Euler equation yields a constant interest rate given by
r*=p+og®. (19)

Along the balanced growth path, the search no—arbitrage equation must also hold:

r“+5H:;+%. (20)
Along this path, free entry into commercialization requires that
ndVI(t) = w(t) (21)
and profits are given by
m(t) = (7 —1)(L — H)w(t). (22)
Substituting into (20) using (18), (21) and (22) yields
r =mn(e” —=1)6L —[n(e” —1) +1—-1]g"/y (23)

Assuming v < 1+n(e¥ —1), this equation yields a negative relationship between r and g. The
main reason is that a high steady—state growth rate, g, implies more labor allocated to search
which deflates profits and raises the risk of obsolescence. These tend to offset the positive impact

of higher profit growth. Equating (19) and (23) yields the steady state growth rate

a __ 77(37 — 1)6L P
g _fyn(e’y— D+1—7(1-o0) (24)

A no—arbitrage equation must also hold for R&D. This is given by

o _SH (1—mVI(t)—0@)” Q)
rt=—g 0 + Q) (25)
Free entry into R&D requires that
HoT
Q(t) = Z(t), (26)



and the productivity of implemented knowledge can be expressed as

A(t) = Z(t)e 5, (27)
Substituting into (25), using (18), (21), (26) and (27) yields
H a _ -y ,—yS*
T8t = U=mee™ (28)
g on(y/n)e

Given r® and g%, this equation pins down the steady—state stock of unmatched ideas, S*.

Notice that, in this acyclical equilibrium, the R&D sector plays an essential, but largely
supportive role: it produces and maintains a sufficiently large stock of knowledge to ensure that
the economy grows at the required rate. The parameters of the R&D technology, 1 and 6, have
no impact on long-run growth. In effect the role is very similar to that of capital accumulation

in a standard endogenous growth model.

4 The Cyclical Equilibrium Growth Path

Suppose that implementation occurs at discrete dates denoted by T, where v € {1,2,...,00}. We
adopt the convention that the vth cycle starts at time T,_1 and ends at time T,,. We denote
values of variables the instant after implementation by a 0 subscript. After implementation at
date T,,_1, an expansion is triggered by a productivity boom and continues through subsequent
consumption growth. During this phase, commercialization ceases and consequently all labor
effort is used in production. R&D spending is highest during this phase so that the stock of
knowledge grows. At some time 7, search commences and labor starts to be withdrawn from
production. Commercially viable ideas are not implemented immediately but are withheld until
time T,. During this contraction phase, investment in R&D slows and search continues to
accelerate in anticipation of the subsequent boom. As aggregate demand falls, labor continues to
be released from production into the increased search.

Let P;(s) denote the probability that, since time 7,_1, no entrepreneurial success has been
made in sector ¢ by time s. It follows that the probability of there being no innovation by time
T, conditional on there having been none by time ¢, is given by P;(T),)/P;(t). Hence, the value of
an incumbent firm in a sector where no innovation has occurred by time ¢ during the vth cycle

can be expressed as

Z T'u R P
_ =@ (g 4 D) sy
‘/;I(t) - . e @ Z( )d + R,(t) e ! ‘/E)I,z(Tv)7 (29)
where
B(t) = Ro(Ty) — R(t) (30)



denotes the discount factor used to discount from time ¢ during the cycle to the beginning of
the next cycle. The first term in (29) represents the discounted profit stream that accrues with
certainty during the current cycle, and the second term is the expected discounted value of being

an incumbent at the beginning of the next cycle.

Lemma 1 In a cyclical equilibrium, the identification of commercially viable ideas can be credibly

signalled immediately and all search in that sector stops until the next round of implementation.

If an entrepreneur’s announcement is credible, other entrepreneurs will exert their search efforts
in sectors where they have a better chance of becoming the dominant entrepreneur. One might
imagine that unsuccessful entrepreneurs would have an incentive to mimic successful ones by
falsely announcing success to deter others from entering the sector. But there is no advantage
to this strategy relative to the alternative of allocating effort to the sector until, with some
probability, another entrepreneur is successful, and then switching to another sector.

In the cyclical equilibrium, entrepreneurs’ conjectures ensure no more entrepreneurship in
a sector once a signal of success has been received, until after the next implementation. The
expected value of an entrepreneurial success occurring at some time t € (7.F,T,) but whose

implementation is delayed until time T;, is thus:

(2

VP(t) = e POVIL(T), (31)

Since no implementation occurs during the cycle, the entrepreneur implementing at T, is assured
of incumbency until at least T, 11. Incumbency beyond that time depends on the probability that
no commercially viable improvement has been identified in that sector up until then.

The symmetry of sectors implies that innovative effort is allocated evenly over all sectors
that have not yet experienced an innovation within the cycle. Thus the probability of not being

displaced at the next implementation is
P(T,) =exp — Shi(r)dr . (32)

Given the simplifying assumption that all ideas have equal likelihood of being commercialized,
it follows that €2(¢), the value of a claim to a new idea that has yet to be matched with a
particular application must satisfy the Bellman equation, which is identical to that in the acyclical

equilibrium, equation (25):
rt)Q(t) = < (1-nVP(t) - Q(t)n +Q(1) (33)

Note that since the probability of being matched is no greater than 1, it must be the case that
1 =mVP(t) = Q).
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5 W.ithin—cycle dynamics

Within a cycle, t € [T,—1,Ty], the state of technology in use is unchanging. The appendix
demonstrates that the producers’ limit pricing behavior ensures, the wage is also constant during

the cycle and is pinned down by the level of technology:
w(t) =e TA,1 (34)

where Mz | 1q

Avfl = exp In A@'(val)di . (35)

0
Note that the wage is less than its marginal product by a constant factor e™7, reflecting the
fact that a fraction 1 — e~ goes in the form of profits to intermediate producers. Consequently,

standard aggregation results hold and aggregate output can be expressed as

Y(t) = Ayt [L— H(t)), (36)

In order to afford a stationary representation of the economy, it is convenient to normalize aggre-

gates by dividing by total factor productivity using lower—case letters to denotes these deflated

variables: o) o n
t Y(t Z(t
C( ) AU_]_7 y( AU_17 Z( ) Av_]_ ( )
Consequently, the intensive form production function is given by
y(t) =L — H(t). (38)
The household’s Euler equation during the cycle can be expressed as
t t) —
{0 _ - )
c(t) o
where 7(t) = R(t). The normalized potential productivity evolves according to
s Moomw -
z(t) 2(t)

since £ > 0 implies Q(t) = £~ Z(¢).

11
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Figure 2: Phase Diagram

5.1 The Expansion (T,_; — T;)

During the expansion all labour is used in the production of consumption goods and R&D,
H(t) =0. From (16) and (33) it follows that

a0 _ 0w
) Q) (t). (41)
Combing these conditions with (36), (39) and (40) yields the dynamical system:
4 _ EuLiC(t)ﬂefﬁ (42)
c(t) ULJ. z(t) - o
i) L—c(t)"?
E0 0 )

These dynamics are illustrated using the phase diagram in Figure 2.

In the equilibrium that we study both consumption and the stock of knowledge grow during
the expansion, so we restrict attention to the left of the ¢ = 0 locus. The economy evolves along
a transition path like AB in Figure 2. Given initial values for consumption and the stock of
knowledge, the dynamical system above therefore yields a unique path for ¢(t) and z(t) at each
date t during the expansion. In particular, we can describe the path of consumption as

C(t) = F(t; CO(Tv—l), ZO(Tv—l)) Vite [Tv—la T;], (44)
12



where the function F(¢;-) is implicitly defined.

As a result of the boom, wages rise rapidly. Since the next implementation boom is some
time away, the present value of allocating a unit of labour effort to search falls below the wage,
énVP(t) < w(t). During the expansion , the expected value of search, énVP(t), grows at the rate
of interest, but continues to be dominated by the wage. As a result of ongoing R&D, the stock

of ideas expands. However none of these ideas is matched with a sector, so that
S(t) = N(t). (45)

At date T, énVP(T¥) = w(T}) for the first time. If all labor were to remain in production,
the returns to search effort would strictly dominate those in production. As a result, labor effort
is reallocated from production into search, triggering the next phase of the cycle. The following
Lemma demonstrates that during this transition, labor effort shifts rapidly from one activity to

the other:

Lemma 2 : At T, investment in RE€D falls discretely to zero and entrepreneurial search effort
Jumps discretely to H, = Ho(T) > 0.

5.2 The Contraction (T} — T,)

During this phase, there is search, so that H(¢) > 0. Since there is free entry into search,

w(t) = énVP(t), and so the value of entrepreneurship, énVP(t), must be constant. Since the

time until implementation for a successful entrepreneur is falling and there is no stream of profits

(because implementation is delayed), the instantaneous interest rate necessarily equals zero:
VP(t) i)

0= 155 = 0o =" (46)

Since H(t) > 0, r(t) = 0 and (1—n)VP () > Q(t) it follows that the value of claims to unmatched

ideas starts to decline:

il

_ “a-amvrm-om ' )

Q) S Q1)

O SH(t)

Since the accumulation of ideas is inherently irreversible (2(¢) > 0), it follows that during this
phase, R&D optimally ceases and the expected value of an idea falls below the cost of producing

it HW'IT% IJV'IT%

z(t) =

Ay on p ) ()
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Intuitively, as the downturn proceeds, the likelihood that a given idea will be matched with a
sector before the subsequent boom declines. Since the interest rate is zero during this phase, the
fact that the boom is getting closer yields no offsetting growth in the value.

Although investment in R&D falls discretely at ¢ = T, consumption is constant across the
transition between phases because the discount factor does not change discretely. It follows that
the decline in output due to the fall in R&D investment demand must be proportional to the

fraction of labor hours withdrawn from production:

Hy = IR (T;) = L —c(T). (49)

Lemma 3 : During the downturn the value of an unmatched idea at time t is given by
M T

S(T,) ", S(T)
Q) =1 -nVPE) 1- s s

e v Qo (T3 (50)

Since no R&D takes place during the downturn, the stock of potential knowledge remains the
same until the beginning of the subsequent cycle, Zo(Ty) = Z(T77). Bup 1since R&D is positive at
the beginning of the next cycle, it must also be true that Qy(7,) = % ® Zy(T,). Taken together
these facts imply that while the value of claims to R&D falls during the downturn, their increase
at the boom must exactly offset this: Q(7,) = Q0(7},). Combining this with (50) implies the

following:

Proposition 1 : The stock of unmatched ideas at the cyclical peak, S(T.r), must satisfy

K T 1l

M noe Ly — S(TY) (51)
nd v YS(T¥)(1 — e=BTE)) + T peBID) '

Note that it must be the case that vS(T;') > I',. Since the term in brackets must be less than

unity, an additignal necessary (but not sufficient) condition on parameters that must hold is
1

(I=n)e " >nd % ? . This expression is analogous to (28) for the acyclical growth path — given

growth in productivity at the boom, I',, and the discount factor to the beginning of the next

cycle, B(T), it pins down the stock of unmatched ideas available at the previous cyclical peak.
Since the economy is closed, it follows once again that, because there is no incentive to store

output,’ consumption must decline in this phase:

% = —g <0. (52)

% Although r = 0, strict preference for zero storage results from arbitrarily small storage costs.
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This occurs during the downturn because labor gradually flows out of production and into search.
Using (49) and (52), yields the following expression for aggregate effort allocated to search at time
t:

H(t) = L — e s "TNL — H,)). (53)

This, in turn, determines the measure of sectors in which commercially viable ideas are iden-

tified at each date:

—P(t) = 6H (1), (54)
where P(T) = 1.19 At the end of the cycle, the fraction of sectors that have identified commer-
cially viable ideas is therefore 7

Ty
1-P(T,) = OH(T)dr. (55)
Ty

5.3 The Implementation Boom

We denote the growth in aggregate productivity during the implementation period T, by I', =
In(A,/A,_1). Since T, = v (1 — P(T},)), (55) and (53) determine the size of the boom as a function
of the length of the downturn, AS = T, — T3*:

T, = 6yLAY — 6v(L — H,) (56)

At the beginning of each cycle all labor is used in production. Since output is only augmented
by the increase in aggregate productivity Co(T,) = €'*Co(T,_1). The Euler equation therefore

implies a long run discount factor given by

RO(TU) - RO(Tv_l) = pAU + O'FU (57)

During the expansion, (41) implies that the discount factor must grow by In Z(ngi)l) , recalling that

there is no R&D in the recession. During the downturn the interest rate is zero. Combining these

facts with (57), it follows that across the boom the discount factor must satisfy
2(Ty)

Z(val)

Over the boom, the asset market must simultaneously ensure that entrepreneurs holding viable

B(Ty) = pAy +ol'y —In (58)

ideas are willing to implement immediately (and no earlier) and that, for households, holding
equity in firms dominates holding claims to alternative assets (particularly stored intermediates).
The following Proposition demonstrates that these conditions imply that during the boom, the

discount factor must equal productivity growth:

10The rate of change in P is given by % = —6h;. But since labor is allocated symmetrically to innovation only
in the measure P of sectors where no innovation has occurred, h; = %, so that P = —6H.
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Proposition 2 : Asset market clearing at the boom requires that
5(Tv) =Ty (59)

Since the interest rate is zero through the downturn it is also the case that  (7,') = I, and that,

using the household Euler equation:

Mo T

)

pAX +oln =T. (60)

@)
o
—~~
<

5.4 Optimal Entrepreneurial Behavior

The willingness of entrepreneurs to delay implementation until the boom and to just start engag-
ing in search activities at exactly 7,  depends crucially on the expected value of monopoly rents,
relative to the current labor costs. This is a forward looking condition: given I' and A®, the
present value of these rents depend crucially on the length of the subsequent cycle, T,,41 — T5.
Since Lemma 2 implies that entrepreneurship starts at 7),, free entry into entrepreneurship,
requires that
sV P(Ty) = dne PTIVHT,) = w, (61)

Since the increase in the wage across cycles reflects only the improvement in productivity:
Wys1 = e w,, and since from the asset market clearing conditions, we know that B(Tx) =T,
it immediately follows that the increase in the present value of monopoly profits from the begin-
ning of one cycle to the next must, in equilibrium, reflect only the improvements in aggregate
productivity:

Vi (Tor1) = €' Vi (o). (62)

Equation (62) implies that, given some initial implementation period, and stationary values of '
and A, the next implementation period is determined. Letting the total cycle length be denoted
A, =T, — T,_1, and the expansion length be denoted Af =A, — Ag we therefore have the

following result:

Proposition 3  Given the boom size, Ty, the contraction length, AS, and the dynamic path
X

followed by z(t), there exists a unique expansion length, A;,

such that entrepreneurs are just

willing to commence search, Ag periods prior to the boom. This is given by AX solving:

" - u 5
— RTU,1+AX — (=T, > c(r 7 T 1_e— 547
. (1—e) L T e P(T=To-1) T dr +e (L — H,) T

S 1— (1 - Ty/y)e(-oTu—p(AT+AY) (63)
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The equilibrium conditions on entrepreneurial behavior also impose the following requirements
on our hypothesized cycle:
e Successful entrepreneurs at time t = T, must prefer to implement immediately, rather than

delay implementation until later in the cycle or the beginning of the next cycle:
Vi (1) > Vi (To). (E1)

e Entrepreneurs who find commercially viable ideas during the downturn must prefer to wait

until the beginning of the next cycle rather than implement earlier:
Vi) < VP(1) Vte (TFT,) (E2)

e No entrepreneur wants to search for commercially viable ideas during the expansionary phase

of the cycle. Since in this phase of the cycle §V P (t) < w(t), this condition requires that
snVI(t) < w(t) Vte (0,TF) (E3)

e Finally, in constructing the equilibrium above, we have implicitly imposed the requirement that

the downturn is not so long that commercially viable applications are identified in every sector:

P(T,) > 0. (E4)

6 Stationary Cyclical Equilibrium Growth Path

We focus on a stationary cyclical equilibrium in which the boom in productivity, I', and the
length of each phase of the cycle (AX, AY) are constant. Along such a growth path, the potential
productivity of unmatched ideas increases by

z(Ty)
ZO(val)

during the expansion, and an equal measure of ideas is matched with a profitable application

In =I'=7 [N(Tv) - N(val)] (64)

during downturns. Combining (58), (59) and (64) yields the following implication:

Proposition 4 : Along the stationary cyclical growth path, average growth is given by

_ I p
I=AT 2o (65)
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Thus, long—run growth along this path is increasing in the rate of time preference and decreasing
in the elasticity of intertemporal substitution. This is in sharp contrast to the acyclical growth
path discussed in Section 3. To understand this, consider two key relationships. Firstly, the
consumer’s Euler equation implies, as usual, that a higher rate of return over the cycle yields a

more rapidly growing consumption path. In equilibrium it follows that

F—
g="-" (66)

g

where 7 = [R(T,) — R(T,—1)] /A denotes the average interest rate over the cycle.

In the cyclical steady state, the rate of return must be sufficient to induce investment in R&D
during the expansion and to induce the financing of commercialization during the downturn. Both
of these require a rate of return equal to I' — the former because this is how much the unit cost
of R&D grows during the expansion, and the latter because this ensures that intermediates are
not stored. Since the interest rate during the downturn is zero, it follows that the average rate
of return over the entire cycle required to induce the investment that supports a growth rate g
must be given by

T =2g. (67)

Note that, in contrast to the acyclical steady—state, the required average rate of return is unam-
biguously increasing in the average growth rate.

A strong implication of (65) is that the average growth rate is pinned down entirely by the
preference parameters and is independent of the technological parameters, and the economy’s
size L. Once again, this contrasts starkly with the growth rate in the acyclical equilibrium,
(24), and also contrasts with a recent literature which has endeavoured to construct technology
based endogenous growth models that do not exhibit scale effects. Here, there are no direct scale
effects on long run growth. Note however that changes in the size of the work force and other
technological parameters do effect the length and nature of each phase of the cycle (see below),
and whether or not a cyclical equilibrium exists.

Using (44), (56), (51), (60)
by the vector (I, AX, A%, 3, S

satisfy the following system:

(63) and (65), the stationary cyclical equilibrium is fully described

X
) and a recurring expansion path for consumption {&(¢)}2, which

é(r) = F(r, e T/eted (A%, e T2 vrelo,AX (68)

A 1
A1 _ —2ac 1

I = 6yLAC — §7&(AX)
plo

(69)
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— - 0
né gl 7S(1 —eT) 4+ Te T
" A 1#
e _ Hoa—emeT b LZ & e By ﬂ_ad FeaXy 1= oot (71)
by Al—e D) +Te T T AT gax) T plo
(2—0)T = p(AX + AY) (72)

Recall that the function F'(-) represents the transitional dynamics during the expansion, given by
(42) and (43). Although average growth depends only on preference parameters, technological
parameters influence short—run growth and the nature of cycles. In order to characterize these

effects, however, we turn to numerical methods.

6.1 Baseline Example

We numerically solve the (68) through (72) for various combinations of parameters and check the
existence conditions (E1)—(E4). The parameters for our baseline example are given in Table 1.1}
The parameter v implies a labor share of about 0.7. We chose p and ¢ to yield a long run growth
rate of 2% and an average risk—free real interest rate of 4% (these values roughly correspond to
average data for the post—-war US.). The remaining parameters are chosen fairly arbitrarily, but
imply a cycle length of about 10 years, with an expansion of almost 7 years and a contraction of

just over 3 years.

Table 1: Baseline Parameters

Parameter | Value
1) 1.25
0.30
1.00
0.02
0.20
0.20
0.95
1.00

NI T T Q=

' The Gauss program used to generate the numerical simulations and the diagrams contained here is downloadable
from the following URL: http://qed.econ.queensu.ca/pub/faculty/lloyd-ellis/research.html
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Figure 3 depicts the evolution of some key aggregates over the cycle. Clearly, R&D in-
vestment moves very pro—cyclically and is strongly correlated with movements in consumption.
Consequently, the stock of potentially productive knowledge grows steadily during expansions
and comes to a halt during contractions. Note that even if we include the wage costs associ-

ated with search in an aggregate measure of “all innovation” costs, this aggregate remains quite

pro-cyclical.?
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Figure 3: Key Aggregates in Baseline Cycle
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Figure 4: Incentives to search for commercially viable ideas

12In general, neither R&D investments nor other organizational investments are capitalized correctly in the

national accounts.
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Figure 5: Incentives to undertake R&D

Figure 4 illustrates the factors affecting the incentives to search for commercially viable ideas
and to implement them at each stage of the cycle. During expansions, wages are relatively
high and the subsequent boom far is away. Consequently, the values newly commercialized
ideas lie below the units cost of search effort, whether or not implementation is immediate or
delayed. Eventually, as the next boom approaches, the value of delayed implementation becomes
high enough to warrant the cost of search effort and commercialization starts to pick up. The
value of immediate implementation remains below that of delay because of the risk to profits of
implementing too early.

Figure 5 illustrates the factors affecting the incentives to undertake R&D at each stage of
the cycle. The “value of a new idea” corresponds to €(t) in the model and “implementation
probability” refers to the probability that a commercially viable application will be found for
an existing idea prior the subsequent boom. Since commercialization is concentrated during the
contraction, the implementation probability is constant during the expansion. However, as the
contraction proceeds, the likelihood that any new idea created by the R&D sector will find a
commercially viable application before the next boom falls gradually to 0. Thus, the value of
new ideas grows with the unit cost of generating them (proportional to the knowledge stock)
during the expansion, but then falls with the declining implementation probability during the

contraction.
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Table 2: Comparative Steady States

Parameters r AX AY 2 g (%) S P(T)
Baseline 0.20 6.79 3.19 1.39 2.00 1.10 0.33
5= 1.23 0.29 10.1 4.46 1.46 2.00 1.27 0.03
1, 1.27 0.13 4.40 2.02 1.33 2.00 0.95 0.57

~0.299 0.24 8.12 3.70 1.41 2.00 1.17 0.21
T 1, 0.301 0.17 5.76 2.78 1.37 2.00 1.04 0.43
099 0.15 5.18 2.52 1.36 1.98 1.02 0.49
4, 1.01 0.26 8.80 3.98 1.43 2.02 1.19 0.26
_0.0199 0.18 6.08 2.90 1.37 1.99 1.06 0.40
p= 1, 0.0201 0.23 7.84 3.60 1.41 2.01 1.14 0.23
015 0.19 6.64 2.74 1.18 2.00 0.54 0.37
M_% 0.25 0.22 7.34 3.64 1.60 2.00 1.57 0.27
_0.199 0.23 7.78 3.56 1.41 2.00 1.15 0.24
77—1/7 0.201 0.18 5.94 2.86 1.37 2.00 1.05 0.41

0 — 0.9 0.22 7.02 3.78 1.38 2.00 1.08 0.28
1y, 1.0 0.19 6.92 2.84 1.40 2.00 1.13 0.35

I — 0.95 0.25 8.82 3.74 1.44 2.00 1.22 0.16
1.05 0.12 4.34 1.88 1.35 2.00 1.01 0.59

Table 2 details the consequences of varying each of the parameters of the model around the
baseline example. In general, the nature of the cycle is quite sensitive to small parameter changes
and the size of the changes considered is partly dictated by the conditions required for existence.
As noted earlier, changes in technological parameters have no impact on long run growth, but do
affect growth in the short run and the lengths of each phase of the cycle.

Increases in the commercialization success rate, 6, the size of the work force, L, or the size of
productivity increments, -, all shorten the length of both phases of the cycle. The length of the
contraction declines because a higher rate of success induces entrepreneurs to want to implement
earlier. Consequently, the size of the productivity boom declines, inducing less R&D and a shorter
expansion. Overall, these adjustments are such that the steady state average growth rate remains
unchanged. In contrast, an increase in the productivity of R&D, u, lengthens both phases of the

cycle and increases the size of the boom.

7 Concluding Remarks

Several recent theories of endogenous business cycles involve investments in growth—promoting
activities that are countercyclical. In contrast, empirical observations suggest that one impor-
tant category of these investments, those in R&D, are quite pro—cyclical. Here we show that

explicitly introducing endogenous R&D investment into the “intrinsic business cycle” model of
22



Francois and Lloyd-Ellis (2003) yields an inherently pro—cyclical process. This conclusion is
based on several key assumptions about the characteristics of R&D investment, as the first step
in a multi-stage innovative process. In particular, we assume that investments in R&D (1) use
implemented knowledge intensively, (2) are long-term investment with uncertain applications and
(3) are characterized by diminishing returns to existing knowledge.

An interesting feature of the cyclical equilibrium growth path is that the steady state long—
run growth rate depends only on preferences and not on any technological parameters. This is
in stark contrast to the acyclical equilibrium growth path associated with the same underlying
model. In particular, the long run growth path exhibits no scale effects in the sense that small
changes in the size of the population do not affect the long—run growth rate. However, the size
of the population does affect the short—run evolution of the economy and can be important for
existence of the cyclical equilibrium. Moreover, long—run population growth is not consistent
with a steady state cyclical growth path.

Some features of our model’s prediction are clearly at odds with the facts. However, it is
possible to extend the model in various ways to address some of these issues. In particular, the
productivity boom and the associated jump in output are rather abrupt. As we show in a recent
paper, Francois and Lloyd—Ellis (2006), adding capital can help to smooth out the boom to some
extent. Another unrealistic feature of the cyclical process that we generate is that every cycle is
the same and all fluctuations are deterministic. Extending the model to allow for some stochastic
elements relaxes some of these strong predictions. In particular, temporary i.i.d. shocks can

change the length and amplitude of each cycle without changing the basic story.
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Appendix

Proof of Lemma 1 We show: (1) that if a signal of success from a potential entrepreneur is
credible, other entrepreneurs stop innovation in that sector; (2) given (1) entrepreneurs have no
incentive to falsely claim success.

Part (1): If entrepreneur #’s signal of success is credible then all other entrepreneurs believe that 4
has a productivity advantage which is €7 times better than the existing incumbent. If continuing
to innovate in that sector, another entrepreneur will, with positive probability, also develop a
productive advantage of €. Such an innovation yields expected profit of 0, since, in developing
their improvement, they do not observe the non-implemented improvements of others, so that
both firms Bertrand compete with the same technology. Returns to attempting innovation in
another sector where there has been no signal of success, or from simply working in production,
w (t) > 0, are thus strictly higher, .

Part (2): If success signals are credible, entrepreneurs know that upon success, further innovation
in their sector will cease from Part (1) by their sending of a costless signal. They are thus
indifferent between falsely signalling success when it has not arrived, and sending no signal.
Thus, there exists a signalling equilibrium in which only successful entrepreneurs send a signal of

success.

Proof that w, is pinned down by the level of technology: From (10) zd(t) = ;—8,

so that from (11) Y (¢) = xf(t)e,fi)(t), but since the intermediate technology is linear (from
(5) this is zf(t) = A;(t)l;(t) and x5(t) = xd(t) in equilibrium) we thus have Y (t) = li(t)%.

Subsgituting from the final output production function (3) and substituting again for x; yields:

exp 01 In[A;(t);(t)]di = li(t)%. But the symmetry of sectors implies, again in equilibrium,

R
that3%- (t) = 1(t)Vi, so that we have exp 01 In[A;(t)]di = % Rearranging yields: w(t) =
exp 01 In[A;(t)]di eV = A, 1677 ¥

Proof of Lemma 2: There are two possible alternatives which can be ruled out by contradiction.
(1) Suppose insgeadlthat at T, Z = 0 and H = 0. From 33 it follows that Q/Q = r(T}*) > 0. But
then Q(T3) > 2 7

(2) Suppose instead that at 7', Z > 0 and H > 0. Since the wage is constant, free entry into
%earclh implies that r(t) = VP/VP = 0. It follows from 33 that Q/Q < 0. But then Q(T}) <

Z(Ty), so there would be entry into R&D, contradicting the supposition.

% °z (T), so there would be no entry into R&D, contradicting the second supposition.¥

Proof of Lemma 3: During the downturn the value of untapped ideas can be expressed as
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Tv §H(T) dr

§H(s) _
Q) = (1-—n) e t 56 S—(T)VD(T)dT+€ A= " 5t Q(T,)

t S(7)
Tv Ry 30, 5(7.) —B(t)+R Ty $(0) 4
Qt) = -1 -nVP@) et 56) Sde—Fe ¢ SOTQT,)
T

Z :
Q(t) _ _(1 _ H)VD(t) elnS(T)—lnS(t) S(T) dr + e—ﬁ(t)—l—lnS(Tv)—lnS(t)Q(Tv)

z S(r)
Q(t) _ ' d’7'+6 B(t)+In S(Ty)—1In S(t )Q(Tv)

S(To)

S(t) + 50 ¢ AT

Proof of Proposition 1: Since no new ideas emanate form the R&D sector between dates 7,

and Ty, it follows that Q(T) = Qo(T3). Using (50) we can write
K hll H T
o 1 ST) gy _ D e

ATy) = (1-n)VP(TY)

v

v

1 1
Now since ir(Ty;) > 0, we know that Q(T77) = 2 " 2(T) = m * Z(T,). Also by definition,
A, = Z(T,)e 7¥Tv) and so

ulﬂl Z(T,) (1—n)e Ay H S(Ty) — S(Th) L
p )= 7 S(Ty) — S(Ty)e )
(VU [ Bt . il
A ) (L—me A S(Ty) = S(Ty)
1 né S(Ty) — S(T,,)e=AITv)
(VR | S M . il
Y Ly rS(Ty) (I—nle™ S(T7) — S(Tv)
i nd S(T#) — S(T,)ePTs)
But S(T,) = S(T;;) — 'y /7, so that
(VU | Bt N V' il
27 sy _ (Lome? Ly
u né VS(Ty) — (vS(T) — Ty) e AT
31 |
(- me™ I _ ST
1 *) —T,)eBTs)
0 2 o S(Ty) — (vS(Ty) — Ty)e

Re-arranging yields (51).
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Proof of Proposition 2: For an entrepreneur who is holding a commercial viable idea, nV’(t)
is the value of implementing immediately. Just prior to the boom, when the probability of
displacement is negligible, the value of implementing immediately must equal that of delaying
until the boom:

V(L) = 6nV P (T,) = w(T). (73)

During the boom, since entrepreneurs prefer to implement immediately, it must be the case that
Vi (Ty,) > VP (T,). Thus the return to innovation at the boom is the value of immediate (rather
than delayed) incumbency. It follows that free entry into entrepreneurship at the boom requires
that

Vg (L) < wo(Ty) (74)

The opportunity cost to financing entrepreneurship is the rate of return on shares in incumbent
firms in sectors where no innovation has occurred. Just prior to the boom, this is given by the

capital gains in sectors where no innovations have occurred
H il

5(T,) = og ST

VI(T,)

(75)

Note that since the short—term interest rate is zero over this phase, 8(t) = 5(1y), V t € (T}},T).

Combined with (73) and (74) it follows that asset market clearing at the boom requires

Moo !

B(Ty) <log w(T)

~ T, (76)

Proof of Proposition 3: The discounted monopoly profits from owning an innovation at time

T, is given by

T#

Z 7, R,
V(M) = (1=e) e T "N (@)ar 4 PT)e P TOV(T)
Ty—144
. R, . Rey Zr, #
= (1—eMAy_1 L e Tu-1 7(s) S It +e To r(T) T(L —H,) eff;(-rfT;)dT
Ty—1 Ty
+P(Tv)e*ﬂ(T”j1,)%I(Tv) - .
21 Moy T B ear
= (1—eMA,, L ePrT) 2 gr e ™(L-H,) ————
( ) 1 T, CO(Tv—l) ( ) p/O’
_,_P(Tv)e*ﬂ(val)VOI(Tv)
Substituting for Vi (T,1) using (62), and integrating yields
Ivl _ - 1‘[ " Z T* u ﬂfo— A 7_BAC =
1—e)Ay1 v e(r) _ 1—e 0%
VI Tv— — ( L p(r—Ty—1) __S\'") d T L*Hv L—-€ "
0 (To-1) 1 — P(T,)elv—B(To-1) Ty . ¢ co(Ty—1) The ) p/o
(77)
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Noting that 677‘/01(Tv_1) =wo(Ty_1) = e VA, 1.

_ I“l _ ﬂ b Z T* u 1‘[70 A 7_BAC ! #
Y _ v ) _ ]
£ = 1-c) L e A0 gy lme
on 1— (1 —T,/y)elv—FATv-1) T, co(Ty-1) p/o
(78)
But B(Ty—1) = o'y + pA,, so that
" A 1#
e 7 H (1—e7) T LZ Ty o—p(T=Ty 1) H e(T) T dr+e T (L — H,) 1—e 547
R v— T v _ v
on 1 — (1 —=Ty/y)el=a)Tv=rA T, 4 co(Tv-1) plo
References

Aghion, P., G.M. Angeletos, A. Banerjee, and K. Manova (2005), “Volatility and growth: Credit
constraints and productivity—enhancing investment,” NBER Working Paper 11349.

Aghion, Philippe, and Giles Saint Paul, “Uncovering some causal relationships between produc-
tivity growth and the structure of economic fluctuations: A tentative survey”, Labor, vol. 12,
1998, 279-303.

Aghion, Philippe and Peter Howitt, “Endogenous Growth Theory” Cambridge MIT Press, 1998.
Baldwin, John, Desmond Beckstead and Guy Gellatly (2004), Canada’s Expenditures on Knowl-
edge Capital, Statistics Canada.

Barlevy, Gadi (2005a), “Why don’t recession encourage more R&D spending?” Chicago Fed
Letter # 220 (Essays on Issues), Federal Reserve Bank of Chicago.

Barlevy, Gadi (2005b), “On the timing of innovation in stochastic Schumpeterian growth models,”
Federal Reserve Bank of Chicago working paper # WP-2004-11.

Bental, B. and D. Peled (1996), “The accumulation of wealth and the cyclical generation of new
technologies: a search theoretic approach,” International Economic Review, vol. 37, pp. 687—718.
Fatas, Antonio, “Do Business Cycles Cast Long Shadows? Short-Run Persistence and Economic
Growth” Journal of Economic Growth, vol. 5 (2), 2000, pp. 147-62.

Francois, P. and H. Lloyd-Ellis (2003) “Animal Spirits Through Creative Destruction,” American
Economic Review, vol. 93 (3), pp. 530-550

Francois, P. and H. Lloyd-Ellis (2006a) “I — Q Cycles,” Working Paper, Queen’s University.
Francois, Patrick and Shouyong Shi, “Welfare Improving Cycles” Journal of Economic Theory,
86, 1999, pp. 226-257.

Freeman, Scott, Dong Pyo Hong and Dan Peled, “Endogenous Cycles and Growth with Indivisible

Technological Developments” Review of Economic Dynamics, vol. 2, 1999, 403-432.
27



Geroski, P.A. and C.F. Walters, “Innovative Activity over the Business Cycle” Economic Journal,
vol. 105 (431), 1995, pp. 916-28.

Griliches, Z. (1990), “Patent statistics as economic indicators: A Survey,” Journal of Economic
Literature, vol. 28 (4), December, pp. 1651-1707.

Harashima, Taiji (2006), “The Pro—Cyclial R&D Puzzle: Technology Shocks and Pro-Cyclical
R&D Expenditure,” mimeo, University of Tsukuba.

Kamin, J.Y., I. Bijaoul and R. Horesh (1982), “Some determinants of cost distributions in the
process of technological innovation,” Research Policy, vol. 11, pp. 83-94.

Matsuyama, Kiminori, “Growing Through Cycles” Econometrica, 67 (2), 1999, pp. 335-47.
Matsuyama, Kiminori, (2001) “Growing Through Cycles in an Infinitely Lived Agent Economy,”
Journal of Economic Theory, 100 (October 2001): 220-234.

Nickell, Stephen, Daphne Nicolitsas, Malcolm Patterson, “Does Doing Badly Encourage Manage-
ment Innovation?” Ozford Bulletin of Economics and Statistics, 63 (1), 2001, pp. 5-28.
Paterson, Bryan (2006), “Synergies, Spillovers and the Role of Implementation in the Innovation
Process,” mimeo, Queen’s University.

Saint—Paul, G. (1993), “Productivity Growth and the structure of the business cycle,” Furopean
Economic Review, vol. 37, pp. 861-883.

Saint—Paul, G. (1997), “Business cycles and long—run growth,” Oxford Review of Economic Policy,
vol. 13, pp. 145-153.

Shleifer, A. (1986), “Implementation Cycles,” Journal of Political Economy, vol. 94 (6), pp.
1163-1190.

Wilde, Klaus (2005), “Endogenous Growth Cycles,” International Economic Review, vol. 46 (3),
pp. 867-894.

Wiilde, Klaus and Ulrich Woitek (2004), “R&D expenditure in G7 countries and the implications

for endogenous fluctuations and growth,” Economics Letters, vol. 82, pp. 91-97.

28



