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INTRODUCTION

In industries like the microprocessor industry quality is advancing rapidly. These
improvements contribute to economic growth directly by increasing the quality of
home computers and indirectly by increasing the productivity of the workforce. In the
economic growth literature as much as 50 percent of growth has been attributed to
these and similar improvements in technology.! Despite the importance of techno-
logical advancement, firm incentives to create better products are not well under-
stood. Technological advancement has traditionally received residual treatment in
the literature on economic growth. This literature credits improvements in technol-
ogy for whatever economic growth cannot be explained by the accumulation of other
inputs. In traditional R&D literature, where incentives to innovate have been exam-
ined explicitly, innovative episodes are treated as singular events, a treatment that
overlooks important relationships that occur across episodes.

In order to better examine the incentives firms have to improve technology, and
the resulting impact on growth, a series of quality ladders models has recently been
introduced into the growth literature? In quality ladders models, firms respond to
profit incentives by devoting resources to R&D. In contrast to traditional R&D mod-
els, firms compete in repeated R&D races, and must consider product obsolescence
when making R&I) decisions, '

Although the dynamic structure of the quality ladders models has contributed to
our understanding of the intertemporal incentives faced by R&D firms, the relation-
ship between competition in R&D and individual firm R&D behavior has not been
well developed in previous versions of the model. This is a direct result of the com-
mon assumption that each firm’s R&D technology is characterized by constant re-
turns. With constant returns R&D technology each additional dollar of R&D spend-
ing adds the same additional probability of R&D success in the industry, regardless of
which firm spends the additional dollar or how much each firm has already spent on
R&D.® In an R&D market where an additional doHar of R&D spending by any firm
has the same effect on the industry probability of success, only aggregate industry
R&D efforts are important in explaining growth., Individual firm efforts cannot be
explained since each industry’s ageregate R&D effort can be divided arbitrarily be-
tween any number of competitors. However, if R&D technology is characterized by
diminishing returns, the effects of an additional dollar of R&D spending on the indus-
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try probability of success will differ depending on which firm is spending the addi-
tional dollar and how much each firm has already spent on R&D. Then the number of
competitors and the R&D behavior of each of the competitors become critical determi-
nants of industry growth rates. This is precisely what is suggested by both the em-
pirical evidence and theoretical arguments pertaining to firm R&D technology.

As a theoretical argument Thompson and Waldo[1993] state that, “... R&D activ-
ity does not satisfy the usual justification for constant returns to scale in manufactur-
ing—namely that plants can be replicated.” Replicating R&D efforts is largely
redundent and adds little to a firm’s probability of success. In order to increase its
probability of success a firm must pursue a variety of R&D avenues. Presumably the
firm will attempt the projects which are most likely to be successful first and proceed
to projects with less likelihood thereafter, suggesting decreasing returns to R&D.
Empirical studies examining the nature of firm R&D technology support this theo-
retical argument. Examining the relationship between patents granted and R&D
spending, Kortum([1993] reports point elasticity estimates in the range 0.1 to 0.6,
while Hall, Griliches, and Hausman[1986] obtain an average elasticity estimate of
0.3. Using market value data, Thompson[1993] obtains an average R&D output elas-
ticity with respect to R&D expenditure of 0.86. Each study suggests diminishing
returns to R&D expenditures at the firm level, although the authors caution that
interpretation of their studies may be hampered by data constraints and the diffi-
culty of both measuring R&D output and of matching R&D output with R&D inputs.
As suggested by both theory and the empirical evidence, a decreasing returns to scale
R&D technology is employed in this article. Examination of the guality ladders model
with this feature improves our understanding of R&D incentives and the behavior of
individual firms in R&D markets.

Although the relationship between competition and individual firm R&D behav-
ior has not been examined in previous quality ladders models, it has been analyzed in
single episode R&D models. In a model developed by Glenn Loury{1979] firms invest
in R&D at the beginning of an R&D race and incur no further R&D costs for the
duration of the race. The initial sunk investment in R&D gives each firm a fixed
probability, in each period the race continues, of successfully inventing a new prod-
uct. The first successful inventor captures exclusive rights to produce the new prod-
uct and all benefits associated with these rights. With all investment occurring up
front, an increase in R&D competition, through greater firm participation, does not
affect the costs a firm expects to incur during the race. -Greater participation will,
however, reduce the liklihood that any particular firm will be the first to succeed in
R&D. Therefore, in the Loury model, profit-maximizing firms have an unambiguous
incentive to decrease R&D efforts in the face of increased competition. Reexamining
Loury’s original model, Lee and Wilde{1980] included the R&D costs that firms pay
for continuing research. Firm R&D benefits also decrease as more firms participate
in the Lee and Wilde model, but the costs of R&D fall as well because firms expect a
shorter race and a shorter period of R&D expenditures. Consequently, competition
increases firm-level efforts in the Lee and Wilde meodel instead of decreasing firm-

level R&D efforts as in the Loury model.

The conclusions reached in each of the two single episode studies depend criti-
cally on the single R&D race format adopted. Without the poseibility of further prod-
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uct upgr.ad'ing both specifications ignore intertemporal effects between R&D races
By examining a quality ladders model I explicitly account for the absent intertem orai
effects. Here, the relationship between participation in R&D races and firm If){&D
e‘ffoTt proves to be negative. This is despite the fact that I adopt R&D technolo
.s1m1_lar to that used by Lee and Wilde. This result proves the importance of identiigy
ing intertemporal effects in R&D markets. 4
By drawing on elements of both quality ladders growth models and R&D models
tl'le model analyzed here increases our understanding of R&D incentive effects assoi
clate(% v‘vith competition and product obsolescence. These incentives are essential to
explam'mg !;he behavior of firms in industries like the microprocessor industry, where
successive 1..nnovations continue to push the technological frontier forward ?As our
Endez('lstandmg of these industries increases, public policy makers will be bei;ter posi-
dz;)ilgs Oz‘oﬁjigt R&D policies that increase economic efficiency and improve stan-
The remainder of the paper is organized as follows. In the next section I intro-
duce th'? R&D technology within the context of the quality ladders model and then
s'how existence of a firm-level unique steady-state equilibrium, exploring the proper-
ties of the equilibrium when access to cutting-edge R&D technc;logy ig unrestrictelc)l 1
then examine the relationships between the model parameters and equilibrium oult—
comes, with particular emphasis on the relationship between participation in R&D
races and firm R&D behavior. Welfare implications of the model are then examined
before concluding remarks are offered. e

THE MODEL

In .th.e economy modeled here there is a continaum of industries indexed by w on
the unit Igtewal [0,11. Each of the different industries produces a unique variety of
cogm%mphon goods that substitute imperfectly for goods from the other industries
Within each industry goods are perfect substitutes, differentiated only by qualit .
where quality is indexed by the integer j. Goods of a particular quality level can on{’
be produced when the quality level is reached through successful R&D. The state-og
the:art good in each industry begins with a quality of one and an initial quality index
of j = 0. In each industry firms compete in repeated R&D races to create hicgher
qual'lty state-of-the-art goods. - The winner of each R&D race increases the quali%r of
the 1ndulstry’s state-of-the-art good by a facter A >1 and increments the state-of-t{m-
art qgalllty index by one. Therefore, j(w,t), the quality index of the state-of-the-art
good in industry w at time £, represents the number of successful innovations in an

i [c] lxt Ofthe State- f - i

The Consumer Sector

' Identi'cal.consufners discount the future at the rate p and have demand for goods
with qua}lty index j from industry o at time ¢ equal to d(j, w,t). Lifetime utility for
each, which extends indefinetly into the future, takes the form
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Constrained by their budgets, consumers choose spending patterns that maximize
their expected lifetime utility.

With these preferences consumers consider goods within industries perfect sub-
stitutes when adjusted for quality and buy only the goods with the lowest price-to-
quality ratios.* They do, however, value the variety in the different industry products
and allocate expenditures equally across industries. Defining expenditures at time ¢
as E(t) each consumer’s budget-constrained intertemporal optimization problem dic-
tates that spending evolves over time according to

@) E@VER) =1(t) — p,

where r(t) is the instantaneous rate of return consumers earn by saving. When the
interest rate exceeds the rate at which consumers discount future consumption, sav-
ing for future consumption is attractive and consumer expenditures increase over
time. When the discount rate exceeds the interest rate expenditures decrease over
time. In the balanced positive-growth equilibrium examined here, where consumer
spending is constant over time, the interest rate is constant and equal to the discount
rate at each moment. With identical consumers, aggregate demand at time ¢ for the
good with the industry’s lowest quality-adjusted price takes the same form as indi-
vidual demand, D(w, ¢} = E/p(w, £), where plw t) is the good’s unit price, and E is
aggregate consumer spending.

The Production Sector

The production technology is characterized by constant returns to scale where
one unit of labor produces one unit of any good independent of time, industry, or
quality. The wage rate is normalized to one, giving each firm a constant marginal
cost of one.

Producers within an industry compete in quality-adjusted prices. At time¢ gach
consumer will purchase only the lowest quality-adjusted priced goods from an indus-
try. Without loss of generality I assume that whenever two goods share the same
quality-adjusted price, consumers will choose to purchase the good of the highest
quality. With unitary elastic demand and constant marginal cost, profits are maxi-
mized when the state-of-the-art producer with a one-step quality lead charges a price
of A. This limit price allows the firm to exploit its quality advantage and earn profits

equal to

3 w =EX— D/

It is assumed that firms will never attempt to imitate the current state-of-the-art
good. Imitation may be prohibited directly by broad patent protection or indirectly by
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plosﬁ:we imitation costs resulting from the need to circumvent narrow patent protec-
tion. In the latter case, price competition between the incumbent and imitator elimi-
nates any market power and the imitator is unable to recoup imitation costs

The Research Sector

Initially the number of firms participating in R&D races in each industry is fixed
at n. 'Then Ré&D behavior is analyzed as competition increases, up to a perfectly co
Petl.tl.ve level. Over time, n firms compete in R&D races in eacI; industry, but fi d n;l
individual race the quality leader will perform no R&D.5 Therefore 011:1 (n 9_1' el?c f
the n ﬁ‘rms will be competing in an R&D race at any given time. Tl,le pgrtici ati y
firms h}re. labor which is devoted to R&D. A firm which devotes [ units of lsﬁao;?:g
R&D will innovate at 7(1), prior to time ¢, according to the probability given by i

(4) prob[+(l) ¢l =1 — e™h@,

’E.‘he parameter 2(l) measures the instantaneous probability of a successful inno
tI.DI'l when ! units of labor are devoted to R&D. The expected duration until succesw'i_
given by A(1)"'. Firms pay wages to R&D workers each period until a firm in th -
successfully innovates, signaling the beginning of the next R&D race o
Each of the n firms in an industry, independent of industry or timE; hasthissam
E&D tecl.mology. The function A(l) (see Figure 1) is assumed to be twic’e continuou 1e
gﬂferenhable and strictly increasing in I. Increasing returns prevail up to ' for easclz
h;‘gl;; tl(‘)le: }523;1;95;;; t];oueryec;n(ci1 ; ' W}:ieé)e) l ' BFQ. The ﬁ..mction h(l)is also assumed to satisfy
itial roroniag e re:;lectiv ;11; | igure 1 illustrate the cases with and without
' The average product of labor is maximized at ' (see Figure 1) which is also the
pomt': Where. R/l = K'{7). The labor choice I' proves to be a critical point for firms i
making tbelr R&D decisions. Below I show that in any positive growth e uilil:)r'S m
each participant in a R&D race will hire at least /' units of R&D labor. : -

The Labor Sector

The labor .supply is homogeneous, fixed at L, and the labor market is assumed t
clear each period. In equilibrium the share of labor devoted to production is given bo
E/N\. The symmetric level of steady-state labor devoted to R&D for each firm othe)rr
than the leader is defined as /. With (n — 1) R&D participants the economy-wid
share of labor devoted to R&D is (n — 1}. The labor market clears when e

(&) L=EMN+{n—1L

The Credit Sector

» Flllwims finance res?arch. by borrowing from consumers at the risk free market rate
Zr . ro?g%l-a.well dwe.rmﬁed portfolio investors can eliminate risk concerns. Arbi-
age possibilities are eliminated when firms maximize expected returns from R&D
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Firm R&D Technology
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STEADY-STATE EQUILIBRIUM

The steady-state perfect-foresight equilibrium examined here has the following
properties:

1. Consumer expenditures remain constant over time, implying that the instanta-
neous interest rate equals the subjective discount rate. L

2. Of the n firms with cutting edge R&D technology, there will be (n — 1) firms,
which are non-producing followers, performing R&D. The remaining firm will be
the sole producer of goods in the industry, but this firm performs no R&D.

3. Each R&D firm will choose the same level of R&D effort independent of industry
or time period.

4. Prices and wages will be fixed across time and industry.

Existence of the Steady-state Equilibrium

Two equations determine the equilibrium for the model. The first equation is the

“within-race R&D condition.” This equation relates each individual firm 's R&D |

efforts during an R&D race to V, the reward each firm expects for winning the race,
and k= 2 _A(l), the innovative effort each firm expects from its competitors in the
race.

Each firm calculates the benefits it expects in an R&D race considering that it

will only receive the reward for winning the race if it successfully innovates at time ¢
and no other firm has been successful in innovating prior to ¢. The R&D labor choice
made by the firm determines the firm’s flow of R&D costs in the race. Each firm’s
expected costs for the entire R&D race equals its discounted flow of labor costs for the
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race. A non-leading firm ¢, investing in /, units of R&D labor, earns expected R&D
profits of®

6) ExplIIL,R)N=[VA{) — L¥/[p + & + A{)].

In the symmetric Nash equilibrium, all competitors make the same R&D labor
choices, that is =] for all (» — 1) identical participants in the R&D race. The R&D
intensity choice which maximizes expected profits for each firm satisfies the “within-
race R&D condition™

DV, =[ad) — IR} + & + pl/[R'D)(p + B)] = [(n — DAL — Ih'@) +p)/ ' Dlp + (n— 2D,

This equation defines the relationship between the benefit firms expect for winning
an R&D race and firm R&D efforts in the race provided the following assumption is
satisfied.

Assumption 1 Foralll = I, the form of R&D technology satisfies
d[aExpil, k)/alldl =< 0.

This assumption, also found in Lee and Wilde’s [1980] analysis, ensures that the solu-
tion to equation (7) is stable. Ifthe solution is unstable then a multilateral increase in
each firm's R&D efforts will generate the desire for each firm to increase efforts fur-
ther, generating an infinitely repeated series of further increases in each firm’s R&D
efforts.’

The “within-race R&D condition”, equation (7), defines the R&D choices of firms,
but only if the profits they expect from these R&D choice are non-negative. Substi-
tuting the expected benefit of winning an R&D race defined by the “within-race R&D
condition,” equation (7), into the expected R&D profit equation, equation (6), yields
that for each firm

8 EXPI=[h() - WDV O + &1 = [AD) — IOV DIp + (n— 2)RWD]L

These equilibrium expected R&D profits will be non-negative for each of the (n — 1)
firms whenever the level of R&D labor defined by equation (7) for each firm i satisfies
I,= I'. Therefore, firms will never operate at a level where technology exhibits in-
creasing returns to scale,

The second equation determining the steady-state equilibrium solution is the
“cross-race R&D condition.” This equation captures the relationship between R&D
intensity in future R&D races and the expected benefits firms expect from success in
the current race. Firms expect that if they win the current race, they will earn lead-
ing-firm profit flows until they are displaced by the innovator of the next generation
product. In the steady state each firm is assumed to take the amount of R&D labor
hired by all participants in all industries in the next R&D race as fixed at . Given
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FIGURE 2
The Steady-State Equilibrium
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this steady-state assumption of perfect foresight, the winner of the current R&D race
earns expected benefits equal to®
9) Vy=[L - (n — DI — Wip +(n — DRI

The “within-race R&D condition” and “cross-race R&D condition” determine both
equilibrium firm R&D intensities and the benefits firms expect from winning R&D
races in equilibrium. This solution is illustrated in Figure 2.

Given Assumption 1, firms choose greater R&D benefits during an R&D race
when they expect a bigger prize for winning. Therefore, the “within-race R&D condi-
tion” is upward sloping in (1, V) space.’ Furthermore, it is everywhere positive forl =
1', as firms only choose positive R&D efforts if the expected benefits from winning the
R&D race are positive.

The “cross-race R&D condition” is downward sloping in (,V) space.”® This rela-
tionship is defined by two effects. First, with more resources devoted to R&D in the
next R&D race, fewer resources will remain for the winner to use in the production of
output during the next race. This reduces the flow profits each current R&D race
participant expects if it successfully innovates. Second, with more R&D activity in
the next R&D race each firm in the current race expects to retain any increase in
market share it gets from winning the R&D race for a shorter period of time. Both
effects decrease the expected value of winning a R&D race.

With the “within-race R&D condition” upward sloping and positive and the “cross-
race R&D condition” downward sloping, a unique equilibrium will exist with firms
choosing positive amounts of R&D labor provided V, (I') = Vi (I"). This is assured by
the following assumption:
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Assumption 2 L is sufficiently large so that
L=1p+(n— DRUVIRUO - Dl +(n — DI

When this assumption is met labor is sufficiently abundant for both profitable pro-
duction and R&D.!

Proposition 1 Given Assumptions I and 2, a unique steady-state equilibrium
exists with firms earning non-negative expected profits from R&D.

THE FREE-ENTRY EQUILIBRIUM

The free entry equilibrium is defined as the steady-state equilibrium in which
expected profits from R&D are zero. The number of active firms with the ability to
perform R&D in the free entry equilibrium is defined asn”. Of these firms (n"—1) will
participate in each R&D race, with the state-of-the-art producer abstaining. When
the number of firms active in each R&D race reaches (n"—1), no further firms will
wish to enter the R&D race as R&D is not profitable.

There are two cases of free entry equilibria — with initial increasing returns in
R&D, and without. Without initial increasing returns, R&D spending initially gener-
ates very large marginal returns which decrease as R&D spending increases. It is
easily seen from equation (8) that in this case firms will have an opportunity to earn
positive profits as long as success by another firm in the industry is not instanta-
neous. The free entry number of firms in this case approaches infinity. If an initial
range of increasing returns does occur, then R&D spending initially generates very
small marginal returns, which increase as R&D spending increases, then decline again
once the increasing returns are exhausted. As the number of firms is increased, the
equilibrium value of firm R&D approaches /', the minimum profitable level of R&D
spending. Given the within-race and cross-race R&D equations, equations (7) and
(9), the free entry number of firms is finite and equals

(10) n* = [LA{INO — 1)~ Lpl/INRIN] + 1.

Attention below is restricted to the case with initial increasing returns and finite
entry.

COMPARATIVE STEADY-STATE ANALYSIS

The economy’s labor endowment, the size of quality increases produced by suc-
cessful R&D, consumer discount rates, and the number of firms participating in R&D
races each affect the R&D choices firms make. A comparison of steady states ex-
plains how firms react to changes in each of these economic conditions.

When the economy is endowed with more labor resources, each firm will hire
more R&D labor in each race. The current R&D race participants know that if the
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resource endowment grows, more labor will be available for production during the
next race. With more output being produced in the next race, the profit flows that the
winner of the current race (next period’s producer) expects to earn are larger. This
effect results in a shift to the right in the cross-race R&D curve, as the benefits a
winner expects increase for every R&D effort level expected in the future. With an
increase in the economy’s resource endowment, both the equilibrium value of firm
R&D effort and equilibrium benefits R&D race winners expect increase.

Fach firm will also hire more R&D Iabor in each race when the size of potential
innovations is larger. The current R&D race participants know that if the next
innovation is relatively larger both the price markup and profit flows they will earn,
if they win the current race, will increase. Because the benefits a winner expects
increase for every given R&D effort level, this also shifts the cross-race R&D curve to
the right. With an increase in the size of innovations the equilibrium value of firm
R&D effort and equilibrium benefits R&D race winners expect both increase.

Firm R&D efforts will increase both when the economy’s resource endowment
inereases and when the size of innovations increases. In both cases, with a constant
number of firms, each choosing greater R&D intensity, industry innovations are ex-
pected to arrive at a more rapid rate.

An increase in the subjective discount rate will decrease firm R&D efforts. When
the subjective discount rate increases, the within-race R&D curve will shift to the
right. Although the expected benefits from R&D decrease because the value of the
prize a firm expeets to receive for winning a R&D race s discounted more heavily, the
expected costs from R&D also decrease because the flow of expenditures during the
R&D race are discounted more heavily. The fall in the marginal expected costs from
R&D exceeds the fall in expected marginal benefits and firms wish to increase their
R&D intensity. At the same time the cross-race R&D condition shifts to the left.
Once a firm successfully innovates, a greater discount rate reduces the present dis-
counted value of the flow of profits the winner expects and the expected value of the
prize for winning the R&D race decreases. The cross-race effect dominates and any
increase in the discount rate reduces the R&D efforts of firms in equilibrium.” As
intuition would suggest, when society cares less for the future, present consumption
increases and fewer resources are devoted to R&D investments with future payoffs.

Firm R&D efforts will decrease when the subjective discount rate increases. In
this case, with a constant number of firms each choosing smaller R&D intensities,
industry innovations are expected to arrive at a slower rate.

An increase in R&D participation will also reduce each firm’s R&D efforts.” A
combination of within-race and cross-race effects also produce this result. The within-
race effects resulting from increased R&D race participation are positive and mirror
the effects found in the Lee and Wilde model. With a constant expected benefit of
winning and more participants in the R&D race, the expected marginal benefit of
R&D for firms decreases, as it becomes less likely any one firm will be the first to
innovate. At the same time the race is expected to end sooner, reducing expected
marginal costs from R&D. The latter effect dominates and gach firm inereases its
R&D effort for any given expected benefit of winning. The net effect is captured by a
shift to the right in the within-race R&D curve which results in both a reduction in
expected winner benefits and increased individual firm R&D effort.
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The cross-race (or intertemporal) effects, though, dominate this relationship. These
are the effects overlooked in the single episode models. Assuming R&D race partici-
pation increases in each period, current R&D race participants expect that in the
next race fewer resources will remain for production of output. This reduces both the
flow profits and total benefits winning firms expect. Second, assuming R&D race
participation increases in each period, current R&D race participants expect innova-
tions to arrive sooner. This reduces both the period of time a winner expects to re-
ceive leader profit flows (the leader’s product will likely become obsolete quicker) and
the benefit of winning an R&D race. Both factors shift the cross-race R&D condition
to the left, reduce the equilibrium R&D effort chosen by each firm, and reduce the
expected benefits winners receive in equilibrium.

The within-race effects are dominated by the cross-race effects and when R&D
race participation rises each firm reduces its equilibrium R&D effort and the expected
benefit to R&D race winners falls in equilibrium. That this result is driven by
intertemporal effects is a clear indication that these effects are critical to understand-
ing firm R&D behavior,

Proposition 2 Given Assumptions 1 and 2, R&D firms will choose to hire less
R&D labor whenever more firms participate in R&D races.

When more firms participate in R&D races each firm does less R&D, lowering
the instantaneous probability of success in the industry at any moment. However,
more firms do R&D, increasing the industry-wide instantaneous probability of suc-
cess. Above I showed that increased participation unambiguously decreases the ex-
pected benefit to winners of R&D races. Given that the equilibrium value of V de-
clines, the value of V,, defined by the cross-race R&D condition will decline with the
new participation level. We can check the following four possibilities against this
result.

(i) {(n — 1) is non-increasing and (n — 1)A(l} is non-increasing as n increases.
(ii) {n — 1) is non-decreasing and (n — 1)A(]) is non-increasing as n increases.
(i) (n — 1)l is non-increasing and (n — 1)A(]) is non-decreasing as n increases.
(iv) (n — 1) is non-decreasing and (n — 1)A(l} is non-decreasing as n increases.

Case (i) is ruled out because it cannot be the case that both (n — 1) and (n — DA
both are non-increasing as n increases. Otherwise V,, the value of V defined by the
cross-race R&D condition, would be non-decreasing, contrary te what was proven
above. By similar reasoning, case (ii) can be ruled out.!* The remaining two possibili-
ties both include a non-decreasing value of the industry-wide probability of success
{(n-1)A{). Further, ruling out cases (i) and (i1) rules out the possibility that the instan-
taneous probability of success in the industry remains fixed as n increases. There-
fore, the industry-wide probability of success must strictly increase when participa-
tion increases and innovationsg must arrive at a faster rate.
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Proposition 3 Given Assumptions I and 2, the industry-wide instantaneous
probability of success increases with participation. Thus the steady-state level of growth
is strictly higher when more firms compete in R&D in each industry.

WELFARE IMPLICATIONS OF THE MODEL

By definition, any steady-state equilibrium will consist of a constant number of
firms participating in R&D at the same intensity in each industry across time. Tak-
ing the number of firms, 7, in each industry as fixed and also taking the amount of
R&D labor hired by each R&D race participant, [, as fixed, independence of R&D
effort gives a time-invariant industry R&D parameter of (n — 1)4(l). Given this
parameter and using the law of large numbers and properties of the Poisson distribu-
tion, consumers’ steady state lifetime discounted utility is

1D U= {InE — InA)/p +[(n — DADInAYp?

Combined with the economy’s resource constraint, £ < [L — (n — 1){], this utility
function can be used to analyze welfare implications of possible equilibria.

R&D resource commitments, which are determined by R&D participation rates
and individual firm R&D efforts, affect both current and future consumption possi-
bilities. These commitments affect future consumption possibilities by determining
the rate of innovation. These effects show up in the second term of the lifetime utility
function in equation (11) which depends directly on both participation and firm R&D
efforts. R&D commitments affect current consumption through the resource con-
straint because R&D resource commitments determine the amount of resources that
can be committed to producing consumption goods at any moment. These effects are
captured in the first term in the lifetime utility function in equation (11) which de-
pends on E, the consumer spending level determined by both participation and firm
Ré&D efforts. Large R&D resource commitments increase future consumption at the
expense of current consumption while small R&D resource commitments increase
current consumption at the expense of future consumption. A social planner deciding
how many resources to allocate to R&D must determine the proper balance between
the two.

I examine the results of two possible social planning equilibria and compare these
to the results of the model when entry is unrestricted. The first planning equilibrium
allows the social planner to choose only the level of R&D effort of each firm, with the
number of firms fixed at the free-entry level, n°. The second planning equilibrium
allows the social planner to choose the individual firm effort and the degree of partici-
pation in R&D in each industry.

In the first planning equilibrium, the social planner chooses only the level of R&D
done by each firm, represented by I, Taking the number of firms as fized at n’, the
social planner maximizes intertemporal utility subject to the resource constraint by
choosing I” to satisfy

(12) [L — (n* - DI¥¥]'(I**) = p/In\.
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This equation implicitly defines the socially optimum R&D effort for each firm. In the
free market each firm chooses an effort [ = {' which under free entry satisfies

(13) [L = (* — DI'RE)=[p +(r* — DRI/ -~ 1),

These two equations determine how the free market solution compares to the first
planning solution.

When!'is substituted for [ in Equation (12) the left-hand sides of both Equations
(12) and (13) are equal to [p +(n* — Dh{I /A — 1). Equation (12) will be satisfied with
equality at /' provided the right-hand sides of both equations are equal; thatisp/ix +
[Lh VM T=p/In(M. In this case the free entry equilibrium and the social planning
equilibrium will be equivalent. This determines a critical value of labor supply for
which the free entry solution is socially optimal. This value is given by

(14) LC= [p/h' ([N (W) — 1).

Whenever the resource endowment exceeds the critical level defined in Equation (14)
the social planner will choose a larger R&D effort for each firm than occurs in the free
entry equilibrium.’® If the economy’s resource endowment is below the critical value
the social planner will choose a lower R&D effort for each firm than would occur in
the free entry equilibrium,.

In the second social planning equilibria the planner is free to choose both the
effort of each firm, {”, and the number of firms participating in R&D, n™, To maxi-
mize the representative consumer’s discounted utility subject to the resource con-
straint the social planner chooses [™ and n™ to satisfy both

(15) [L — (n** — IH**R'{{*)= p/Ink,
and
(16) L — (¥ — DI¥F] = [hFH)]nilp.

Combining the two equations yields the efficient social level of individual firm R&D
effort of {™=1['. The planner’s choice of effort will be the same as will oceur in the
unrestricted entry case. The optimal number of firms is then

(17) n*=1+ [Lh(l‘) Inx — I'pl/[I" AUHINA].

Comparingn™ to n’ from equation (10) we find thatn™>n"when L > L, n*" = n"when
L=L,andn"<n whenL <L,

Proposition 4 Firms do too little, the socially optimal amount, or too much R&D as
the labor force is greater than, the same as, or less than L, respectively.
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(i) In the first planning case, where the planner is only able to select firm R&D ef-
forts, firms choose to employ less, the same amount, or more labor than the plan-
ner would choose as the labor force is greater than, the same as, or less than L ,,
respectively.

(i) In the second planning case, where the planner is able to select both firm R&D
efforts and participation rates, firms choose the same R&D effort level as a plan-
ner but fewer, the same, or more firms participate than the planner would choose
as the labor force is greater than, the seme as, or less than L, respectively.

The differences between the free market and planning solutions result from dif-
ferences between the private and social returns in the model.’® First, firms fail to
appropriate all of the increases in consumer welfare that accompany an innovation
because firms are unable to set perfectly discriminating prices. Second, firms do not
consider that by innovating they create positive externalities for competitors in the
industry by creating an increase in the knowledge base for future R&D in the indus-
try. Both effects, the “consumer surplus” effect and the “intertemporal spillover”
effect, lead to free market solutions with less individual R&D than is socially optimal.
The additional societal benefit over what the firm expects from increasing R&D ef-
forts associated with both effects is In(\)/p. Firms also ignore the profits they will
“steal” from other firms when they successfully innovate. This “business stealing”
effect pushes the free market solution to a level of individual R&D greater than the
socially optimal level. The loss in societal benefit associated with this effect is Mp +
LA'I"]. Which effects will be larger depend precisely on how large the labor supply
endowment is relative to the critical value L,. When the labor supply exceeds the
critical value, L, the “consumer surplus” and “intertemporal spillover” effects will
dominate the “business stealing” effect and welfare is raised by increasing firm ef-
forts. When the labor supply falls short of the eritical value, the “business stealing”
effect dominates and welfare increases when firms reduce their R&D efforts.

CONCLUSION

Competition increases industry innovation rates; yet as demonstrated here it may
reduce the individual R&D efforts of firms within industries. Consequently, policy
makers narrowly focusing attention on individual firm R&D efforts will draw mis-
taken conclusions regarding the effects of competition. In order to avoid such mis-
takes, and design efficient R&D policy, planners must have a clear understanding of
the forces driving innovation.

The analysis presented here contributes to this understanding of R&D markets
by examining R&D technology characterized by decreasing returns at the firm level
in a quality ladders model. This formulation allows an examination of the relation-
ship between competition and R&D behavior, a relationship not well developed in
previocus quality ladders models. With decreasing returns R&D technology, individual
firm behavior becomes important in determining the overall probability of success in
the industry. The more firms that participate the more likely success is to occur. This
suggests that policy makers, who are prevented from directly subsidizing R&D, can
still increase growth rates through policies that encourage competition in R&D.
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Particularly important in this relationship are dynamic characteristics of firm
entry into R&D races, characteristics overlooked in single R&D race models. By un-
derstanding these intertemporal effects, policy makers will avoid the misinterpreta-
tions suggested above, The analysis here suggests that in order to evaluate R&D
policy, planners must examine industry efforts, since focusing on the individual firms
will lead to precisely the wrong conclusions.

While the model makes strides towards a clearer understanding of the R&D pro-
cess, many areas of research remain. Relaxing the assumption of homogeneous R&D
technology may give greater insight into the relationship between industry leaders
and potential entrants. Imitation also plays an impertant part in firm R&D behavior,
and the relationship between participation in R&D races and firm R&D behavior
when imitation oceurs warrants further study. However, what is clear from the model
is that understanding individual firm R&D behavior is important to understanding
technologically driven growth, and that understanding firm R&D behavior requires
understanding intertemporal aspects of the relationships between market conditions
and Ré&D behavior.

NOTES

The author wishes te thank Paul Segerstrom, Carl Davidson, Jack Meyer, and David Malueg for
their helpful comments and suggestions.

1. Both Grossman and Helpman{1991b] and Barro and Sala-i-Martin[1995] contain surveys of the emn-
pirical growth literature. ’

2. The quality ladders model was developed by Segerstrom, Anant, and Dinopouelos[1990], Aghion and
Howitt[1992), and Grossman and Helpman[1991a]. Extensions of the model are found in
Segerstrom[1991], Grossman and Helpman[1991b], and Barre and Sala-i-Martin[1995).

3. A model developed by Segerstrom[1995] contains industry-level decreasing returns to R&D, but firm-
level R&D behavior remains indeterminate in Segerstrom’s model. A second model by Thompson
and Walda[1993] locks at firm-level decreasing returns technology but in an environment of horizon-
tally differentiated products.

4. Below I will show that in each industry, in the steady-state equilibrium, the quality leader in the
industry sets the lowest quality-adjusted price and is the sole producer of goods.

5. A proof that for n sufficienfly large, R&D will not be profitable for the state-of-the-art producer is
available on request from the author. This is the case of interest here. For circumstances under
which the “quality leader” will join R&D races see Zolnierek[1997] and Segerstrom and Zolnierek[1997].

6. [ NePh(DeM¥eRds ~f  1f_  Le vds){k+h(l))e *"Mdt is the formal expression for the ex-
pected profits from R&D. Integrating this expression yields equation (6).

7. An appendix is available on request from the author with an explicit derivation of this restriction on
technology. This appendix also demonstates that a broad class of technological forms meet the
reguirements of this condition, including the constant returns technology adopted in previous qual-
ity ladders models.

8. V=, [/, Bl —Dedsl(n — Uhil}e ™ @t is the formal expression for the expected prize
for winning a R&D race. Integrating this equation and substituting for equilibrium spending as
defined by the labor market equation, equation (8), produces equation (9).

9. V Jal=~[h"Dp2n — DO+ p2e(n— 1 n—2AY]+(n ~2R'UPLR T -ROINAR U p+n—2)A(11 is posi-
tive for alt = 1.

10. oV al=~[(a — n ~Llp + LAWU+n—DIAO—IL' O/ e +n—DA{IN? is negative for alkf =1

11. This requires that the labor resources remaining when firms each choose the minimum profitable
R&D effort, !', are sufficiently large to make R&D at " profitable. From the labor market clearing
condition, equation (5), L—(n —~1)'=E/A. Assumption 2 requires resources after R&D hiring to be
sufficiently large that E/) = [p +(a —Dh(I Wik'I'HA —1)]. Rearranging and substituting h(")y!' for
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W'Y yields {{[EQ. —1¥AH[p +(n — DRI — '=Vh{') - I = 0, which is precisely the condition for
R&D to be profitable for each firm at 1",

12. A formal proof of these results is available on request from the author.

18. Proofs of this and the following results ave also available on request from the author.

14. T (i) is true then, defining ! as an implicit function of n, d[{(r — DilMdn =1 + {(n — 1)dl/dn = 0 and d[(n
— DhOdn=h{+{n — Dh'()d/dn < 0, where dn is strictly positive and di/dn is strictly negative,
Then ! = —[(n — VA[dIdR] => —[I)Xn — 1Y — {n — DR'DIAVdR = 0 => —(n — DI —h'()]dl/dn
< 0. In equilibrivm h(@)7 = h'{Q), for [ > /' so case {ii) eannot occur.

15. If the resource endowment exceeds this critical value then p/A +[Lh{IW¥/[A7 > p/log(h) and substitu-
tion of ' for I into Equation (12) will not produce equality. In this case, because the lefi-hand side
of Equation (12) exceeds the right-hand side with the substitution of I' for I, and because the left-
hand side is decreasing in [, a value I** greater than I’ is necessary te satisfy equation (12).

16. The analysis below follows the analysis of the model with constant returns technology found in
Grossman and Helpman[1991b].
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