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Abstract

This paper presents a model in which product innovation is the result of
the interaction between a social welfare maximizing government who finances
basic research and profit maximizing firms who develop new commercial goods.
Pasic research produces Theorenical knowledge as outpuy; theorenica) knowicdge
is a pure public good used as an essential input in the design of new commercial
goods. If basic research activities utilize theoretical but not applied knowledge
as Input, increases in basic research expenditures mean faster growth. How-
ever, if applied knowledge is also an essential input to produce new theoretical
knowledge, more basic research expenditures imply faster growth only for a
large enough economy size.




1 Introduction

Would the invention of new goods in the last two centuries have been pos-
stble if the level of theoretical knowledge had been the same as in Galileo’s
time? Most of the current models of economic growth based on product dif-
ferentiation [Romer (1990), Segerstrom, Anant & Dinopoulos (1990); Gross-
man & Helpman (1991); Aghion & Howitt (1992)] consider that economic
progress is possible because of the investment in designing new (or better)
commercial goods. These models treat R & D as a homogeneous sector that
generates a nonrival and partially excludable knowledge good. If we separate
this knowledge derived from commercial research from theoretical knowledge
(that is considered as a pure public good), a negative answer to the initial
question implies that the intervention of some productive agent unconcerned
with profit maximnization is necessary to obtain unbounded growth.

Basic research has bheen analyzed as a sector different from commercial
research in a surprisingly small number of models of endogenous growth.
Following Shell (1967), Grossman & Ielpman ((1991), ch. 2) construct a
model of endogenous growth in which the public knowledge derived from
basic research activities is the source of long run growth. In their model
there is no a separate commercial research sector which interacts with the
basic research sector. Aghion & Howitt (1994) consider explicitly the dif-
ference between basic and applied research. Their distinction is based on
the difference between invention aud innovation, in a context of a Schum-
peterian model of growth. They treat the knowledge generated by invention
and innovation as partially excludable kuowledge goods, and they do not
consider theoretical knowledge.

This paper presents a dynamic general equilibrium model based ou three
main premises. The first one is that the output of basic research, theoreti-
cal knowledge, is a pure public good (nonrival, nonexcludable), whereas the
knowledge generated by developing new commercial goods is, as in previous
models, a partially excludable knowledge good. Thus, as opposed to the
design of new commercial goods, basic research activities cannot be sup-
ported in a decentralized equilibrium in which productive decisions are only
taken by profit-maximizing firms. In order to obtain a positive provision of
theoretical knowledge, it will be assumed that basic research is financed by
a government that chooses the allocation of resources to basic research by
maximizing a social welfare function.

The second premise is that the stock of theoretical knowledge is used
as an essential input in the design of new commercial goods. This implies




that the invention of new goods is possible because of previous developments
in theoretical science. lor example, it is hard to imagine the existence of
a whole modern industry like electronics without the previous discovery of
electrons by Thomson and H.A Lorentz. Also. the discovery of transistors
would Lave been impossible without previous developments in ondulatory
mechanics or in the theory of electrons in solid. In a similar way, the dis-
covery of electromagnetical waves by Hertz was essential in the development
of communications. In fact, it is almost impossible to find any example of
technological innovation which is not indebted in this way to basic scientific
thought.

The third premise is that both basic and commercial research compete
for the same input, skilled labor. In the model, scientists and engineers are
indistinctly used to produce new theoretical ideas or to apply these new
ideas in the production of blueprints. A person with a doctorate degree
in computer science could be emploved in a university to do theoretical
research or in the laboratory of some firm -I.B.M, Apple, Intel- te design
new computers or chips.

From these premises two main conclusions can be derived. Iirst, {rom
the first two assumptions theoretical knowledge is a pure public good pro-
vided by the government and essential for the invention of new commercial
goods. Ience, it is obtained that long run growth is directly influenced by
government decisions on basic research expenditures. Second, as a conse-
quence of the competition for skilled workers, a trade-off between the level
of innovation and its rate of growth can arise. More expenditures in basic
research implies more skilled workers in this sector and less skilled workers
allocated to develop new goods. In the short run, this fact means a lower
level of variety in final goods. However. if the rate of growth of theoretical
knowledge increases with the number of workers allocated to basic research,
this higher theoretical knowledge growtl rate means that the productiv-
ity of skilled workers in commercial rescarch is augmenting at a higher rate.
This commercial research productivity increase means that the economy will
eventually be on a path with more innovation and growth.

The paper discusses two basic research technologies. In the first, the
only knowledge mmput for producing new basic knowledge is the stock of
theoretical knowledge. Under this technology, long run growth increases
proportionally with basic research expenditures. In the second technology,
the stock of public knowledge derived from the design of new commercial




goods! is also essential for the production of new theoretical knowledge. In
this case, increases in basic research expenditures are less effective for speed-
ing up growth because reduce the number of workers available for commercial
rescarch research activities, and, thus, the stock of applied knowledge. In
fact, T show that increasiug basic research expenditures can have a negative
effect on growth if the market size is small enough.

The remainder of the paper is organized as follows. Section 1l presents
the model in which basic research uses skilled labor and theoretical (but not
applied) knowledge as inputs . Individual decisions about the acquisition of
skills are endogenously determined depending on the agent’s innate ability
base and tlie ratio between skilled and unskilled labor wages. Section I11
gives us the equilibrium values for the number of varieties and manufactured
output and Section 1V analvzes the optimal allocation of resources to basic
research. Section V introduces the knowledge generated by developing new
commercial goods as a fundamental input to basic rescarch. Section VI con-
cludes resuming the main results and their possible extensions.

2 The Model

Productive activities take place in three sectors: basic research, commer-
cial rescarch and manufacturing of final goods (i.e., consumption goods).
There are two inputs: labor, which can be skilled or unskilled; and knowl-
edge, which can be theoretical or derived {from learning by doing in com-
mercial research activities. Skilled labor is used in both research sectors but
not in manufacturing ?; unskilled labor is only used in manufacturing.

Basic research utilizes skilled labor. Hg, and the stock of theoretical
knowledge at time t, I{t), to produce new theoretical knowledge. The tech-
nology of this sector is represented by

di(t) = Hb—”il(t)dt (1)

where b > 01s a productivity parameter. The cost of basic research is given

by wyHpg = 'u;Hb‘—i—]%—:—;ﬂ, where wy is the reward paid to a unit of skilled

labor. This cost is financed by the government through lump-sum taxes.

'This knowledge stock will be indistinctly called applied knowledge or knowledge de-
rived from commercial research activities.

2This assumption is intended to make clearer the analysis of the trade off between both
research sectors.




Commiercial research designs new varieties using 4 units of skilled la-
bor, the stock of knowledge derived from the sector’s cumulative experience
in developing new goods (which is assumed to be equal to the number of
varieties existing at t .N(1))%, and the stock of theoretical knowledge, I(t),
to design new varieties. The sector production {unction is specified as

_Hy

AN(t) = == N () dt (2)

a
where 0 < 77 < 1 is a technological parameter and ¢ > 0 is a productivity
parameter in this sector.

As in previous works, in this model knowledge is a {ree input that in-
creases the productivity of designing new goods. However, in this paper
the stock of the knowledge is decomposed into theoretical knowledge and
knowledge derived from fearning by doing in commercial research. We can
observe two properties in the production function for blueprints (2). First,
both kinds of kuowledge are essential i the production of blueprints. Also,
unbounded growth in the number of varieties is impossible if the theoretical
knowledge stock remains fixed. If we take Hy = H 4™ as the equilibrium
value for skilled labor allocated to designing uew varieties and if theoretical
knowledge remains fixed at a level /(t) = I, the number of available varieties
grows at a rate % = ’—"*Uil[ﬁ]l'” thiat converges to zero as the number
of varicties grows 4.

There are many identical perfectly competitive firms producing blueprints.
The representative cominercial research firm sells infinitely-lived patent rights
on the nmew good n, obtaining a revenue P(n, t). The profits of the repre-
sentative rescarch firm are 1l(n,t) = P(n,t) — I'(¢t), where

awy

H = N I(1)-

is the unit cost implied by the production function (2).

3This assumption implies the existence of knowledge spillovers among firms. Bernstein
& Nadiri (1988}, (1989), provide empirical evidence on this fact.

*We can readily generalize this ‘result to show that if the technology N(t) =
HAF[N(t), 1(1)] verifies the condition lim n(()~» 40 FN[N (1), I{1)] = 0, then, a fixed stock
of theoretical knowledge implies zero long run growth. Notice that this technology implies
bounded learning in the seclor that develops new commercial goods. An analogous as-
sumption to this one, applied to the manufacturing sector, is made by Young (1993), and
has been empirically tested by Epple, Argote & Devadas (1991) and Lehvan & Sheshinski
(1973).




New goods are commercialized by identical monopolistically competi-
tive manufacturing firms. The representative manufacturer firm produces a
quantity ¢(n.t) of the consumption variety n at t by using only one input,
unskilled labor L(t). The technology is the same for all consumption goods,
and is represented by the linear production function

c(n,t) = L(t). (3)

The amount of profits obtained from the comunercialization of a good u
invented at tis given by

H(n,i):/ C—fl 7'(U)d”ﬂ'(n,5)([.9,
'

wlere 7(17) is the instantaneous interest rate at time v and w{n, s) represents
instantaneous profits at s.

Firms sell the quantity ¢(n,s) of good n at a price ple(n, s)]. This price
is determined by the consumers’ demand function. Hence, instantaneous
profits w(n,s) are

m(n.s) = ple(n, s)]e(n,s) — wpL(s),

where wy, is the rental wage paid to a unit of unskilled labor. Firms maximize
profits by choosing a price that is a markup on their marginal cost. The
linear technologv (3) tiplies that the marginal cost is equal to wy. Then,
from the first order condition of the firms’ maximization problem we have
the pricing equation

where €[c(n,t)] represents the elasticity of the demand for any good n.

On the demand side. the paper assumes the existence of many finitely-
lived consumers with tlie sare preferences and the same infinite economic
horizon (offsprings’ welfare enter into the utility function of present genera-
tions). Preferences are represented by the function

o N(t)
Ultg) = / e""(t_tO)ln[['/O c(n,t)*dn)"/*)dt (4)
to

where p > 0 is the intertemporal discount factor and o < 1 is a parameter
of the preferences. This index implies that the elasticity of substitution




between any two goods labeled (n. n') is equal to € = 1/(1 — ). This
elasticity is greater than onc but lower than infinity. Therefore, goods are
not perfect substitutes, and increases in the available variety imply greater
consumers’ welfare.

Consumers own all production factors and all shares in firms. The in-
tertemporal aggregate budget constrain is given by

It
~—

/‘le—f‘o r(s)dslf(f)df < A(ty) (

lo

where E(t) = Af(;\’“)])( n.)e(n.tydn + 7 represents the nominal expenditure
at t, 7 are hunp-sum taxes and A(tg) is the present value of the streamn of
factor incomes, plus the value of initial asset holdings.

Cousumers choose the static demands for the different goods and the
stream of nominal expenditure that maxiniize their welfare. Their problem
can be decomposed in two stages (see Appendix I). In the first, given an
after-tax expenditure I'; = E{t)— 7, households must choose their demands
in such a way as to maximize their static welfare. In the second stage,
cousumers choose the flow of expenditure that maximizes their intertemporal
wellare. Since all goods enter symmetrically into the utility function (4}, the
demand function for every good is the same and equal to

24 ])(n’,r)—(ET(r')
c{(7l,,t) = N .
Jo U pnd ) medn!

The solution of the intertemporal problem implies that the stream of

E.(1)
E ()
r(t) — p . In this framework is convenient to normalize prizes so that the

(6)

after-tax nominal expenditures follows the differential equation

nominal expenditure remains constant throughout time (see Grossman &
Helpman (1991), chi. 2). Using the previous expression, we have
E (1)

DR A

Particularly, prices will be normalized in such a way that nominal ex-
peunditure is always E (1) = E(t)—-1=1~-r1.

Skilfed and Unskilled Labor Supply

Individuals choose between participating in the labor market as unskilled
or skilled workers. For siinplicity, it is assumed here that the only cost of the




acquisition of skills is time devoted to cducation. If the individuals decide
to be skilled, they must allocate a constant period S of their lives to acquire
skills. This period is common for all workers that choose to be skilled ®. If
they choose to be unskilled, they work all their life. The potential supply
of labor is inelastic. and cqual to one, for all the workers in the economy
(leisure 1s not considered).

The decision on specialization depends on the innate parameter of in-
dividual ability ¢ € [0,i%]. This parameter is uniformly distributed on the
population. of size M. Therefore, the density of individuals endowed with the
productivity parameter i is m = M /iT,Vi. Il an individual endowed with
the ability parameter i chooses to he skilled, he obtains a wage income w i’
between t+5. t+7T where 3 € (0,1) is a productivity parameter (common
for all individuals) that measures the efficiency of the educational system.
If the worker does not choose to acquire skills, he obtains a wage income
wy,, independent on his innate productivity parameter 2. This implies that
the productivity parameter is onlv effective if the worker chooses to acquire
skills. and that all unskilled work is homogeneous.

An individual endowed with an ability parameter 7 chooses to specialize
if the discounted wage income obtained in the period T-S is greater than
the wage income obtained working the entire period of their life 7', that is,
if

t+T ) 4T
/ ey i ds > / e "V, ds. (7)
Jt+S t
This condition implies that the ability parameter of skilled workers must he
greater than ™, where 2* verifies (see Appendix I1)

| ———

g W - . T -
i‘ — [ _ 5 l/}j { L l/ﬂ = (Jvl/u[ “]—/ I/U. (8)
A wyy wyy
" —e—rT . a1 .
Given G = (—_',\—‘_ﬁ > 1, we can observe that, in equilibrium, a posi-

tive supply of skilled labor implies wpi” > wy. That is, the wage income
of skilled workers always must exceed the income of unskilled workers in
equilibrium. Notice, however, that some individuals are more productive as
unskilled than skilled labor.

We are now ready to determine the supply of skilled labor in this econ-
omy. First. we have that the workers that decide to be skilled are those

*This analysis differs (rom Findlay and Kierzkowski (1983) and Stokey (1991), because
they focus on the determination of the period of formation for homogeneous workers, while
I consider heterogeneous individuals for a given formation period S and endogenously
obtain the proportion of workers that choose to be skilled.

[vs]




endowed with an ability parameter 7 € [i*,¢%], and there is a constant num-
ber m of individuals with the ability parameter . We also know that skilled
workers work a fraction L;—S of their lives. Population is assumed to be uni-
formly distributed on the age interval [0,T]. This implies the nonexistence
of population growth, and no changes in life expectancy. Thus, in a station-
ary equilibriumm in which the ratio wy /wy does not vary (and neither the
interval of abilities of people that choose to be skilled [¢*,7]) the aggregate

supply of skilled labor is given by

. T—=5 i B oqpg B8+l
H® = — m/ i = MY — kmG T [ =27 (9)
ix Wi
where M+ = km(it)"*! is the supply of skilled labor if all the workers
choose to acquire skills and & = T(Tu;fl) is a positive constant lower than

one. Since k. it and 3 are constants, m is directly related with M™*, and
we can take M7T as a parameter of the size of the economy.

The supply of unskilled labor is given for all the individuals with an
ability parameter lower than 7=, thatis, with ¢ € [0, i*]. Since the population
is uniformly distributed in this interval, the aggregate supply of unskilled
labor is L = m[i* — 0] = mi*. Using (16), we have

L° = mix = m,Gl/B[ﬂ]l/ﬁ. (10)
Wiy

As we can observe in Figure 1, the aggregate supply of skilled labor de-
pends positivelv on the ratio of skilled to unskilled wages wy /w;. However,
since workers need a period S to specialize, an increase in this ratio at t
does not imply an instantaneous increase in the supply of skilled labor. The
dynamics works as follows: at t. individuals ohserve the new ratio of wages,
and then thev choose between being skilled or remaining unskilled workers.
At the higher ratio wy /wyp, the workers that choose to be skilled are those
endowed with an ability parameter equal or higher than i*;, where %, is
lower than ¢*g, that is the minimum ability parameter of workers who de-
cided to be skilled with the previous rate of wages. But workers who decide
to be skilled need a period S before participating in the labor market. So
between t and t+5 the supply of skilled workers is the same as before, with
the initial ratio of wages. The only effect of the increase of wy /wy, between t
and t+5in the labor market is the decrease in the supply of unskilled work-
ers, because people endowed with an ability parameter i € [i*,i"g] choose
now to devote time to acquire skills, whereas they had previously decided




to participate directly as unskilled workers.
3 The Equilibrium

This sectioun obtaius the equilibrium of the model correspouding to the
balanced growth path. Thus, the values of the variables will be obtained
assuniing that all the real variables are always growing at a constant rate®,
By equation (1), the rate of growth of theoretical knowledge is equal to
%% = Ifg/b = ~, where 5 is used to denote the skilled labor allocated
to basic rescarch given a productivity parameter b. Under the technology
expressed in equation (1). ¥ coincides with the growth rate of the number of
varieties along the balanced growth path.” Since in this cconomy the only
government activity is financing basic research, the imposition of a balanced
budget condition for the government implies that wy Hp = wyby = 7.

The model is solved in two stages. In the first, the model will be solved
assuming that the equilibrium value of the variables is obtained by private
agents taking 4 as fixed. In the second stage (Section IV) the allocation of
resources to basic rescarch 5 will be determined as a solution of a govern-
ment problem (wellare’s maximization problem) .

Equilibrium in the Unskilled Labor and Consumption Goods Markets

The nuskilled tabor market clears if the supply of unskilled labor given
by equation (10} is equal to its demand. Tlie linear technology represented
by the production function {3) implies that the demand for unskilled labor
L*(1) is equal to the supply of consumption output which, in the market
equilibrium. must be equal to the demand for consumption goods. llence,
the equilibrium in the unskilled labor market follows from the equilibrium
in the consumption goods market.

From the symimetry between costs and preferences, the price of each va-
riety nmust be the same. Substituting the value of the elasticity ¢[e(n.t)] =
1—i3 into the pricing equation, the common price for all goods is given by
p(n,t) = wp/a. Using this result and the demand for consumption goods
given by (6), we have that the consumption demand for each variety n is

®The analvsis of the equilibrinm is restricted to the balanced growth path case. Bailen
& Rivera-Batiz (1994) show that, out of the balanced growth path, a similar dynamic
system can generale endogenous oscillations in innovation and growth.

"This implies (see Grossman & Helpman, 1991, ¢h.3) that the growth rate for GDP
and manufactured consumption output is approximately equal to =2+,
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for all the varieties is C/(t) = N(1)e%(n,t), and is equal to the supply of
unskilled labor, given by (10). Thus, the equilibrium in this market is

(recall /2, = 1 — 7). The consumption demand

a(l—7), a(l—7)

= 7776’1/5[7”—1’]1/’3 = L°. (11)

Cly = N(t =
() ( )[N(l)urL wy, wyy

Equilibriuny in the Patent Market

The firm that designs a new good n sells infinitely-lived patent rights
to a manufacturer firm for a price P{n.t). If the patent market is perfectly
competitive. the price of a patent must equal the stream of profits of the
monopolistically competitive firm. Using this condition and the equalities
r(t) = pand aple(u. )] = wp, we have

Pin,t) = / =] - a)p(n.s)e(n, s)ds
4

Competition among research firms drives the economy to an equilibrium

in which the price of a patent P(n.t) is equal to the cost of the blueprint.

From the discussion surrounding (11), notice that p{n,s)c(n,s) = IN"“T) Thus,

for a positive innovation rate dN(t)/dt > 0, it is verified that

o -7 awp
=iy - Is = Ry
fr - = Sy

Substituling in this expression the balanced growth path equation for the
number of varietics N(s) = N(#)e¥5=8) and calculating the integral yields

([*(l)(l—‘f') _ awy
(p+yIN() — NI =

(12)

Equilibrium in the Skilled Labor Market
The demand for skilled labor H9(t) is the sum of the amounts demanded

for basic and commercial rescarch. The technology in both research sectors
expressed in equations (1) and (2) give us

11



[ty  N(t) N(t),_
Hty = Hglt)+ Ha(t) = b—r ],
(1) () + H 4(t) }I(l)+(LN(I)[1(l)]
: cowth vate condit: i) _ Ny ality (10
The constant growth rate condition (m = N =7 and the equality (12)

between discounted profits and the cost of inventions determine the demand
for skilled labor. The skilled labor market clears when the ratio between
wages wy, /[y is such that the supply of skilled labor I7°(1) given by (9) is
equal to the demand for skilled labor [19(t), that is, if

341 wy, 15-(3-1
£

0 = M* = hmGF

wyy

(1 —a)(1—=17)

=1 13
((P+‘;’)wu)] ()

:(}‘/“}'7[

Equilibrium Number of Varieties

In this model is possible to obtain endogenously not only thie growth rate
for the number of varieties but also its initial level. This happens because
of the existence of decreasing returns in the technology of the design of
new varieties (2) with respect to the number of existing varieties N(t). This
means that. for a certain level of theoretical knowledge 1(t) and skilled labor
to commetrcial research f1 47, the number of varieties N(t) can be determined
endogenously.

Using the equilibrinm conditions (11), (12), and (13) in the unskilled la-
bor, patent and skilled labor markets, plus the condition I(t) = [(tg)eY{t~to)
(see Appendix I1I). we obtain that the equilibrium number of available va-
rieties at tis:

(1 —a)[M* ~ by]
pGha+ (1 - a4+ Gka)la

N(t) = |75 [ (1) (t=10)

= A7) (tg)e %) = N(1g)e7(tt0) (14)

where A(y) = A(Hpg/b) is the ratio between the level of variety and the
stock of theoretical knowledge, that satisfies A'(y) < 0.

The expression (14) for the level of varietv indicates that in this model
there is a trade-ofl between the initial level of varieties A(vy)/(1p) and its

12




growth rate 5. Suppose that the government increases thie amount of skilled
labor in basic research at 1o Hpg. Since the growth rate y = /Ig/b predicts
a direct relationship between the labor allocated to basic research and the
growth of the number of varieties, this increase in /g means a higler rate of
erowth of the level of varicties. However. from the equilibrium in the skilled
labor market (13}, we have that a higher demand for skilled labor from the
basic research sector g = by increases the ratio wy /w),. This higher ratio
wyy/wy, means an increase in the costs wy H 4 faced by firms that design
new varieties. and also an increase in the level of lump-sum taxes 7 which
leads to a decline in manufacturing firms’ discounted revenues at {y. The
increase in research firms’ costs and the decrease in discounted profits for
manufacturers imply that the equality (12)is verified {or a lower initial level
of variety, that is, there are fewer goods invented at fg.

Consumption Equilibrium Output

Using the equilibrivim condition in the unskilled labor and consumption
good markets (11), substituting wy, /wy; by its value (see Appendix 1V), we
obtain that the consumption equilibrium output value is given by

mPGalp +7)[MY = by], 2

Ot = . y
D= s st Chay =€) (15)

where C'(5) < 0.

Iquation (15) incorporates the existence of a trade-ofl between tlie re-
sources allocated to basic research 4 (and, thus, the growth rate of the level
of variety) and the equilibrium output of consumption goods. As previously
argued. the greater demand for skilled labor from basic research implies
a lower ratio wy,/wy. This increases the incentives of specialization, de-
creasing the supply of non-specialized labor and, therefore, the output of
consumption goods.

4 Basic Research Policy and Growth

This section introduces government’s decisions concerning subsidization
of basic research. The government chooses the allocation of resources to
basic research by = g that maximizes a social welfare function, taking as
given the equilibrivm values for the number of varieties A{y) and consump-
tion output C(7v) described by (14} and (15). Since all consumers have the

13



same preferences, if the government tries to maximize the aggregate welfare,
his problem will consist in maximizing ®

U(y) = /0\"(_,,(,_[0)[1 — LA () O] 4 InC ()] (16)
to

X

Developing this equation and differentiating with respect to v (see Appendix
V). we have that the optimal decision must verify the first order condition

| —a N 1 —aA(y) C'(v) _

0
ap a Ay Cly)

U'ty) =

or

| -«

N
-
—

(17)

ap

where Z(+) represents the marginal loss in social welfare derived from shift-
ing labor to basic rescarcli. These costs can be deconiposed into a loss caused
by the reduction of the initial level of variety A(y) and aloss given by the re-
duction in manufactured consumption output C'(y). These two losses must
equal the marginal increase in social welfare, derived from higher levels of
future variety and given hy =2

The optimal amount of (skilled) labor to basic research by* = I*g
can be obtained. from equation (17), as an implicit function of the dif-
ferent parameters of the economy. By implicit differentiation, we have
Yo > 0.9 > 0.7, < 0.7 < 0.9, < 0,7+ > 0. The optimal alloca-
tion of resources to basic research depends positively on G and k, which are
paramneters that measure the productivity of skilled labor versus the produc-

*

tivity of unskilled Jabor. Aunalogously, 3 is negatively correlated with the
productivity parameters 1 and b. An increase in these parameters implies a
lower productivity of labor allocated to basic research. As we might expect,
the optimal amount of labor allocated to basic research depends negatively
on the intertemporal discount parameter p. The reason is that a higher
discount rate represents a greater vatluation of present variety and output
with respect to future levels of variety.

Finally, we have that a larger economy size M* means greater present
variety (by expression {14)). and also an increase in optimal future amounts
of variety. As in growth models with a single researcl sector, in this model

l1—o

8Since all the goods enter symmetrically in the index D(t), we have D(t)= N(1)"s C(1).
Substituting N(t)= A(y)e""*7') | C(t) = C(5), we have the expression (16).
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a larger economy size allows amortizing greater research costs. Graphically,
(sec Iignre 2) we can sce that an increase in A/ shift downs the curve Z(7).
increasing the optimal allocation of resources to basic research 47,

This result means that.if there were one single world government tryving
to maximize social wellare, economic integration between similar economies
would speed up the worldwide growth rate. This is similar to the resnlts
obtained in models of trade and integration with only one research sector
(Rivera-Batiz and Romer (1991)). However, in a multiple government world,
the increase in growth depends in an essential wayv on the kind of behavior
adopted by governments after the integration. If governments cooperate be-
tween them. maximizing the joint welfare, the growth rate is higher than in
the case of non-cooperative hehavior. But nou-cooperative beliavior can be
optimal from a single-country perspective. becanse social benefits derived
from investiments in basic research are not appropriated only by the conntry
which makes the investment,.

5 Applied Knowledge in Basic Research

Up to now, we have neglected the role of knowledge derived from com-
mercial innovation N(t) in basic research. However, thie process of develop-
ment of new commercial goods generates a kind of empirical or applied
knowledge that could bhe essential for the production of new theorctical
knowledge. For example, experiments on new materials that can arise in
the process of designing a new microprocessor could be very important for
the development of some fields of theoretical physics. In this section it is as-
sumed that theoretical and applied knowledge interact between themselves
and that both kinds of knowledge are nsed as essential inputs in the two
research sectors.

A workable form for the production function of new theoretical knowl-
edge that considers this assumption is

g

dI(t)y = == 1) N =0t (18)

where 0 < # < 1 is a technological parameter.

Under the new basic research technology expressed by (18) the growth
rate for the economy is determined both by the government beliavior and
market incentives. I'urthermore, the allocation by the government of skilled
labor to basic research has two opposite effects on long run innovation
growth. The first one is positive and direct: more skilled labor in basic
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research implies a greater rate of growth for the stock of theorctical knowl-
edge. The sccond effect is negative and comes from the reduction in the
stock of knowledge derived from the level of variety. Since basic and com-
mercial rescarch compete for the same input (skilled labor), an increase in
hasic research expenditures reduces commercial rescarch activity and, con-
sequently. the level of variety in the economy. This means a lower available
stock of applied knowledge for basic researcl activities and, therefore, a
reduction in the theorctical knowledge growth rate.

To see this. we solve the model for the parameter restriction # = n. This
restriction makes easier the analvsis. In Appendix V1. we obtain that. for
v # 0. the number of varieties of the economy is given by

1

N(t) = A= (t)e? ) (19)

where g denotes the halanced growth path growtl rate (that now differs
from the allocation of skilled labor to basic rescarch v = Hg/b) and A{y) is

(1 —a)(MT —by)y o kGap
all —a + k(o)

2 2 kGap

Al~) =
(v =1 201 —a + hGa)” 2(1 —a+ kGa)

S _ (I—o)/\l+
(fory =0, A = TCiaar

(18). we have that the growth rate for the number of varieties is given by

). 1t is casy to show that A’(y) < 0. Using equation

g =72)
_ [(l — o) (Mt~ ’b*,')q' - kGap e 1z ‘ kGap . (20)
all —a+ hGa) 2(1 —a + hGa) 201 —a + kG a)

We can see in this expression for the growth rate, independently of the
government policy, an increase in parameters like the economy size have a
direct positive effect on growth, Thus, in this framework both the allocation
of resources to hasic research v and markets incentives play a direct role in
determining long run innovation and growth. Moreover, differentiation in
the expression for the growth rate (20) with respect to the allocation of
resources 10 hasic research 5 vields

dy ) . .

o >0 Mt > 20y =20g. (21)

sy
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Thus. an increase of skilled labor in basic rescarch has positive eflects
on the growth rate if the cconomy size is large enough.”

Therefore. since basic research expenditures have a negative effect on
the short run level of knowledge derived from commercial rescarch and this
knowledge inpat is used to produce new theorctical knowledge, an increase
in basic rescarch expenditures will Lave lower effects on growth than in the
previous model in which theoretical knowledge was produced by using theo-
retical knowledge as the only knowledge input. Notice, however, that basic
knowledge continues to be essential in the production of blueprints for new
goods. Hence. the previous result of the impossibility of long run innovation
and growth without public financing of basic rescarch will not change at all.

6 Conclusion

This paper constructs a model of endogenous product innovation wlich
separates basic research from the design ol new cominercial goods. Basic
research output -theoretical knowledge- is used as an essential input in com-
mercial researcli, and both research sectors compete for the same input,
skilled labor. The path of innovation and growth is obtained as a result of
the interaction between the decisions of government and profit-maximizing
firms. In particular.if theoretical knowledge is the only knowledge iuput for
the production of new theoretical knowledge, we have that long run growth is
determined by government. whercas the static level of variety is determined
both by private firms and government. However, il the public knowledge
derived from product innovation is also an essential input in the production
of new theoretical knowledge, the level of variety and its long run rate of
growth are the result of the decision of both private and public agents.

It is possible to extend the model in several ways. First, the assumption
of a social welfare maximizing government which finances basic research
could be changed by assuming either a different government behavior or
by introducing other institutions (private universities or foundations) that
would perform this function. Another extension is the study of international
cooperation policies in basic research. Since growth depends on government

? Alternativelv. an equivalent condition to (21) is obtained by differentiating the growth
rate expression 7A(q) with respect to 3. We obtain that %% is higher than zero if the

Al . . ..
At'v’” is lower than one. Thus, to obtain a positive

relationship between the growth rate and the resources allocated to basic research by we

elasticity of substilulion ¢ a(~,~, = |7

need a proportional decrease in the number of varieties derived from an increase in skilled
labor allocated to basic research lower than one.
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decisions on hasic rescarch expenditures. a game theoretical approach be-
comes now a natural wav to analvze these cooperation policies, which could
be important to determine worldwide growth. Finally, in this context ol en-
dogenous supply of skilled labor and growth that depends on basic research
expenditures. the study of policies such as domestic income taxation and its
international repercussion becomes also essential for explaining innovation
and growth in all countries involved.
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Appendix I
Consumers’ Problem
A. Static Problem

The representative consumer maximizes (1) subject to (5). The La-
grangian of the problem is

L=¢" = Apc+1 - L]

The first order conditions are

.)1/ A
C e g = 0 — e(nat) =[S (22)
de Q
0L ,
(> =0= / (n.t)eln.t)dn = E(t) -7 = E(t). (23)
JA
Substituting (22) into (23)
A A1)
E-(t)y=[~] ‘/ pla’ . 0) " dn =
Q 8]
A, L (1)
[_] = N(t) (24)
o fo ' pl ) medn!

and substituting (24) into (22) we obtain the demand function (6).
Dynamic Problem

Let E.(1) = Pp()D(t) be the alter-tax nominal expeuditure, where
Pp(1)is a price index correspondent to D(t) = [ aN'(t) C(n.t)“(ln]l/o]. Thus
InD(1) = lnfo () — InPp(1). Substituting this expression into (4) we deter-
mine the indirect utility function. Given the coustrain (5). the Lagrangian
of the problem is

L™ = 6—’)“_‘0)[/71]*37(1) - InPp(t)] - )\(to)[e_f‘o S)dS(E )+ 1) — A(to))].

Differentiating w.r.t £, (¢) and the multiplier A(¢g). we have the first order

conditions
¢—rlt=to)

) ~[R()=R(to)]
EA0) Alto)e
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plus the budeet constrain (10) (R{1) - R(fp)) is the solution of the interest
rate integral). Deriving logarithmically w.r.t time t we have

EL(t)
I(1)

=Rty -p=r(t)=p

Appendix I
Determination of i~

A worker decides to specialize il inequality (7) is verified. The left side
of the inequality is

t+T - y ¢ rls=) T 3
/ i ds = ——— | iswni” =
S48 P )

i —pN _ =T

= [«-—('u'//iﬁ].

The right side is given by

T R
/ TPy ds = [———wp].
¢

Comparing both expressions and solving for *, we have the expression
.
(8).

Appendix II1
Equilibrium Number of Varietics N(t)

By the cquilibrium in the patent market expressed in (12), considering
the hudget constrain for the government 7 = wyby, we obtain

(1 — )1 —wyby) awy

(p+ 7N NI

Defining A = N(#)/1(1) and solving for w;; we have

(1T — «) 95
alp + )N =T+ by(1 = a)’ (25)

Wy =
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The unskilled labor market equilibrium condition (11) give us

UG WL /s o
m(,:l/u[—— VB = (1 - wrrby).
wry wy

Then, the supply of skilled labor is
wy,

k[m(it)PF! - 711G1/“3[ﬂ]1/ﬁ@[——] = I[m(it)y?T = Ga(1/wy - by)).
wy, wyg

This expression must equal the demand for skilled labor (9). Substituting
wyy by its value in (25), we have an expression of N(t) and the parameters

J

of the model. Solving for N(t). we determine (14).
Appendix IV
Equilibrium Consumption Qutput C(t)

Given the equilibrium condition for the unskilled labor market (11), solv-
ing for wy, we have

{;
f

all = wihy)ywy'? s
wy = | ( //']//1 n
m (v
Substituting this expression into (10) gives us
oy W 2 o -
Lit)y=C() = 7:7(:’1//’[——11]]/’j = .= [mGa(l/wy — by)]5+T.

wy

Substituting wy; by its value in (25)

(p+ VAT
L_;)TQL)MH'

C(t) = [m°Ga

Using
put (1

(14). we establish the expression for the equilibrium consumption out-
5).
Appendix V

Government's Problem

By (16). U(v) can be expressed as




= / melimio) 1 LnAG ) (to)] + InC (3 e+
t

Jtg a

| — a
+ O/ emPU0)a(f — tg)dt.
o

X

Solving both integrals. we have the equation

pli(y) =

I—a -
= SN ()] + InC(3) + 1 :

0 ap

Since p is a positive constant. the maximization ol this expression is
equivalent to the maximization of (16). Substituting A(y) and C(v) {(ex-
pressions (14) and (12)) and differentiating w.r.t 5 we have

1 —a 1 —aA C'(y
= 1), C) _
ap a  Aly) C(v)
1 —a 1 1 ) | — o+ kGa
B e L O e S
a F+ 11—y Mt —-by  EGap+ (1l —a+ kGa)
1 [ 1
3+ 1 p+1

Z(7v) is a polvuomial of degree four in . In the positive a,xis,tho fnnclion
is a parabol with the forin of U. Their asintotes are y = 0, vy = ——— Thus,
the equation ‘;—p“ = Z(v) has two solutions in the positive axis. 0110 of

them -when the slope of Z(7) is positive- verifies the second order condition
U"(r) < 0. This is the solution of the government’s problem. The optimal
allocation of resources to basic research ¥* can be written as a implicit func-
tion of the parameters of the model. Then v = (G, k., b, p, M, 3, ).
Applving the Implicit Function’s Theorem. we have the results analyzed in
Section 1V.

Appendix VII

Equilibrium Number of Varieties N(t) (case % = ]—]hﬂ[—]y—]l ?)

Let g be the common growth rate for all the real variables. The basic
and commercial research technologies expressed by (18) and (2) respectively
imply
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0D HE N o
=50 [——1(,)] =70

g = N0 NG I

=N T I T e

where Q@ = N(O)/1(1), by = Tg is the allocation of skilled labor to basic
research (decided by government) and I/ 47 is the allocation of skilled labor
to development of new goods (decided by private firms). Since N(s) =
N(t)eaplg(s = 0)] and 7 = wyllg = wpghQ?=1 the equilibrium in the
patent market condition (12) implies now

(1 =)l = wyghQf—1) awy;

ENG N

Solving for wy we have

(1 —a)
alp+ g)Q =14 gbQO-1(1 — )’

iy = (2())

The uwnskilled labor market equilibriuim condition give us

e WL a _
m [— 175 — — (] = 'uv”ngO h.
Wy wy

)
-

Substituting this expression into the last expression, the supply of skilled
labor is

/g[m(i+ - ”77("1/5[£}1/ﬁc;[ﬁ] = k[m(ﬁ )ﬁﬂ - Ga(ljwy — [/bQo—l )]
uyy wy

This expression must equal the demand fot skilled labor derived {rom
the new technology

H' = g+ Hy =g 4+ o' 7).
Substituting wy by its value in (20)

/\'(I'(l

| —«

MT -

alp+ )" = g 4 ' ).




By equation (18), the rate of growth in this economy can be expressed as
g =y Substituting this expression we have

G

—

Mt -~

alp + ";"Q]_O)Ql_n = ",’Q]_o[bﬂo—] + (191_”].

For the parameter restriction § = 5 we obtain
/.'(,r(,r/)aQ]_o N ya(l —a + ]{GO)QQ(]_Q).

Mt — by =
T, 1—a

(27)

If we define A = Q' it is possible to obtain the equilibrium number of
varieties as a function of the parameters of the model. Making this trans-
formation. equation (27) can be writen as

| —o+ /.'(i(x)AQ N kGapa

Ja

A= (Mt =by)=0.

l —n l—a
The positive solution of this equation is given by

(1 —a)(MT —by) kGap

+ kCI'O’/)
va{l — a4+ kGa 29(1 — a + kGa))

29(1 — a + kGa)’

A= e -

Making @ = >(—(:)) = AV0=0) we determine the expression for the level
of variety (19).
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SKILLED LABOR

Figure 1: Effects of an increase in (w,/w,) on the specialization of labor
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Figure 2: Effects of an increase in the size of the economy (M™*) on optimal growth
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