A4, 453

—
R4
SR

X
<
w

Biblioteca

2
»

r

o )
"oy

Economics Working Paper 107

Human Capital, Heterogeneous Agents
and Technological Change*

José M. Bailént
and
Luis A. Rivera-Batiz?

-

.March 1995

Keywords: Human capital, heterogeneous agents, skilled labor, unskilled
labor, public education, technological change, bureaucracy, growth.

Journal of Economic Lilerature classification: 030.

* We have benefitted from the comments of workshop participants at the
European University Institute (Florenze), Stanford University, University of
Chicago, University of Miami, Universitat Pompeu Fabra (Barcelona) and Uni-
versidad del Pais Vasco particularly Luis Locay, Robert Lucas, Ramon Mari-
mon, John Roberts, Nancy Stokey and Arnold Zellner.

t Universitat Pompeu Fabra.

} Universitat Pompeu Fabra.



Abstract

Technological change, the distribution of acquired skills and income in-
equality are determined by the human capital investment decisions of agents
endowed with different abilities. Education entails a time to build process that
enables workers to irreversibly shift from unskilled to skilled categories. A
larger potential supply of skilled labor has a market size effect that encour-
ages human capital investments. An increase in the skill premium leads to
skill acquisition; the expanded skilled labor supply partially offsets the initial
premium rise. Policies that impose too high minimum schooling requirements,
overly long schooling periods, overexpanded bureaucracy, an inefficient number
of teachers, and a distorted allocation of teachers between primary and higher
education can permanently slow down growth.



1 Introduction

The literature on endogenous economic growth emphasizes two main features
that can explain long run growth: human capital accumulation and techno-
logical change. Yet it is difficult to find models in which these two aspects
interrelate in a way that fits the actual experience of labor markets with
workers that differ in skill levels generating an unequal income distribution.
Most models in which human capital is accumulated endogenously (Uzawa,
1965; Lucas, 1988) are based on the notion of an infinitely-lived representa-
tive agent. Workers can accumulate human capital ad infinitum through the
continuous allocation of time to education instead of going to work. The pi-
oneering model of endogenous innovation (Romer, 1990) incorporated a key
distinction between unskilled and skilled labor but took as exogenous the
amounts of skilled and unskilled labor in the economy.

Previous work has often yielded results that minimize the human capital
accumulation effect of economic policies and changes in the environment. For
instance, Grossman and Helpman (1991) obtain that higher wages or skilled
labor wage premia do not strengthen the incentives for skill acquisition. Re-
cent work by Stokey (1994a, 1994b), Ciccone (1994) and Eicher (1993) has
introduced endogenous skill acquisition in growth models with homogeneous
agents. In these models, agents have the same discounted value of utility
so that there are no welfare redistribution effects from economic policies or
growth.

Stokey (1994a, 1994b) analyzed transitional dynamics in a model with
agents that acquire skills by spending goods on education. Formally, she
develops a two capital-goods model in which human capital is distinguished
from physical capital because goods invested in human capital accumulation
are assumed to have decreasing returns in generating human capital but there
are no decreasing returns in the physical capital investment process. The
presence of decreasing returns puts a limit to human capital accurmnulation
so that there is no sustained growth in the steady state.

Ciccone (1994) develops a physical and human capital model in which
increasing returns in the average level of human capital arises through en-
dogenous comparative advantage. In this model, the individual return to
human capital is increasing in the economy’s average level of human capi-
tal because of the interdependence between this average level and the rate
of technological change. There is neither a separate research sector nor a



patents market. Eicher (1993) develops an overlapping generations model of
endogenous human capital investment through a privately-financed univer-
sity system. The model yields a positive effect of population (market size) on
human capital accumulation and economic growth because a larger market
size augments the pool of funds available to finance education.

This paper develops a Romer-styled model of product innovation that fo-
cuses on the interaction between human capital and the commercial research
sector. In our framework, heterogeneous agents differ in abilities and are
differentiated ex post in terms of skills acquired through education. This
allows us to analyze within-country income distribution effects and the role
of the introduction of an explicit educational sector. The rate of economic
growth depends on the potential supply of skilled labor rather than on popu-
lation size or exogenously-given amounts of human capital. Public education
policies can lead to a resource allocation pattern in which additional human
capital can reduce the long run growth rate.

Skill acquisition decisions entail comparing total schooling costs with the
discounted value of future wages. Following Bailén (1994), the skill acqui-
sition decision is related to the ratio of skilled-to-unskilled labor wages and
a parameter representing individual abilities. In equilibrium, skilled workers
will be those with greater abilities that justify bearing the foregone opportu-
nity costs from attending school during a discrete period of time. The model
puts a cap on human capital accumulation through finite lifetime. Each gen-
eration is forced to reconstruct the level of human capital achieved by its
predecessors by spending time at school. Intertemporal utility maximization
is motivated through an inheritance motive a la Barro and Becker.

Human capital heterogeneity is captured by focusing on the decision to
educate or not to educate made by heterogeneous workers rather than on
how much time they spend at school. The intuition of the results obtained
from models with homogeneous workers that hinge on the optimal amount of
time spent at school is that schooling time is insensitive to such changes as
variations in the skill premium (Findlay and Kierzkowski, 1983). This intu-
ition is consistent with historical evidence. Historically, and internationally,
time spent at school has been relatively constant -a University degree takes
four or five years, a Ph.D. around five. On the other hand, these models
do not capture the wide cross sectional disparity between the shares of the
population in each acquired skill class. A Haitian Ph.D. has spent a similar
amount of time at school and has incurred in similar human capital invest-



ments as a Japanese or German one. It is only that there are so many less
Ph.D.s in Haiti.

Our model takes the period of human capital investment as exogenously
given, so that it plays the role of a fixed cost that causes education not to be
optimal for the less able or disadvantaged (the optimal schooling period is
obtained in the Appendix). Once heterogeneous workers have the possibility
of shifting from unskilled to skilled categories, the previously mentioned per-
plexing results on human capital and growth disappear. Higher skill premia
will induce a larger set of workers to acquire greater skills, resulting in a
higher level of human capital and faster growth.

The paper offers some explanations for the difficulty in rationalizing the
lack of a consistent correlation between the level of human capital and the
rate of economic growth (Lucas, 1993; Benhabib and Spiegel, 1994). The
empirical evidence shows a long term increase in educational levels and time
spent at school, but a corresponding increase in the economy’s growth rate,
as predicted by Lucas-Uzawa models, Romer-type and other popular growth
models, is not always observed.

In our model, there are three effects derived from an increase of the time
spent at school. First, as usually obtained, the productivity of skilled workers
increases. Second, for a given life span, the fraction of the lifetime spent
working declines, reducing the effective supply of skilled workers. Third,
the opportunity cost of education increases with the time of specialization,
reducing the proportion of workers that choose to become skilled. The overall
effect on human capital derived from these combined factors is ambiguous.

If we introduce an explicit education sector (as in Sections 5-6) there is
an additional factor explaining the nonmonotonicity of the relation between
human capital and growth. This factor relates to the trade off arising from
the necessity of setting aside some human capital (teachers and bureaucrats
which supports educators’ tasks) to create new human capital. A greater
number of teachers increases the stock of human capital but not necessarily
the human capital devoted to the research activities that generate growth
in this model. Both primary and higher education teachers increase the
productivity of high-skill workers. We obtain that the growth-maximizing
proportion of basic and higher education teachers is determined by their
relative effects on the productivity of high-skill workers.

The growth and human capital effects of the education bureaucracy hinges
on its size. When bureaucracy is small relative to teachers, an increase in
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its size exerts a positive effect on human capital and growth. However, an
overextended bureaucratic sector both reduces the effective supply of human
capital and growth.

Sections 2 and 3 develop the basic model of research and time-to edu-
cate learning process. Section 4 analyses the economy’s balanced growth
path equilibrium. Section 5 extends the model to consider educational costs
consisting of both students’ time and educators’ time, introduces a public
education system and develops conditions under which an expanded educa-
tional sector can reduce growth. Section 6 considers an educational system
consisting of both education bureaucrats and teachers and obtains a golden
rule bureaucrat-teacher ratio. The conclusion reviews relevant empirical ev-
idence and discusses possible extensions.

2  The Model: Production and Consump-
tion Sectors

The model consists of two sectors: a monopolistically competitive manufac-
turing sector that produces differentiated consumption goods and a compet-
itive research sector that develops the blueprints that differentiate consump-
tion goods among themselves. There are three inputs: skilled labor, unskilled
labor and technology. Growth is due to technological change produced in the
R&D sector. Physical capital is not considered.

2.1 The research sector

The aggregate research production function is specified as a function of the
stock of skilled labor, H(t), and the knowledge derived from the productive
experience in the sector which is assumed to be equal to the number of goods

N(t),

H(t
dN(t) = ——(—)N(t)dt (1)
a
and a > 0 is (the inverse of) the research productivity parameter.
The increasing returns to scale research sector is composed of many com-
petitive firms that design new commercial goods. All these firms are en-
dowed with the same technology and utilize the stock of knowledge N(t) as
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a free good that is the source of external economies in research. The rep-
resentative research firm sells infinitely-lived patent rights on a new good,
obtaining a revenue P(n,t). Since knowledge is a free good, the total cost of
blueprints equals H(t)wn(t) = a%’%%lﬂvéﬂ, where wy(t) is the skilled labor
nominal wage rate, that will be shown to be constant along the balanced
growth path. Hence, the unit cost of blueprints implied by (1) is given by
ﬁN‘izf’)-. The profits of the representative research firm R are thus given by
[g(n,t) = P(n,t) — ‘,’V—“Elti) In order to specify the patents’ price P(n,t) and
skilled labor wages we must examine manufacturing sector’s wages and work-
ers’ skill acquisition behavior.

2.2 The manufacturing sector

The patents conferring the rights to commercialize a new good are purchased
by a single manufacturing firm that operates in a monopolistically compet-
itive market for differentiated goods. The representative firm produces a
quantity ¢(n, s) of consumption variety n at instant s. The amount of profits
II(n,t) obtained from the commercialization of a good n invented at t is given
by -

M(n,t) = /t e ST 5)ds, 2)

where r(7) represents the instantaneous interest rate at time 7, and w{n, s)

represents firm'’s profits at time s.
The representative manufacturing firm utilizes unskilled labor /(%) to pro-
duce output under a linear technology, which is shared by all manufacturing

firms:
e(n,t) = I(2). (3)
Profits at time s, 7(n, s) are given by
m(n,s) = plc(n,s)lc(n, s) — wrl(s), (4)
where wy, is the unskilled labor nominal wage that will be shown to be con-
stant along the balanced growth path and c(n,t) is the quantity of good n
sold at a price p[c(n,t)]. Since the linear technology (3) implies that the
marginal cost is equal to wy, the first order condition of the firms’ profit
maximization problem is:

__detnt)
plen, )] = o (5)
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where €[c(n, t)] represents the elasticity of the demand for any good n. This
pricing formula is the standard markup over marginal cost obtained under
monopolistic competition.

2.3 Research and manufacturing linkages

The research sector produces blueprints through an increasing returns to
scale production function of skilled labor and the stock of public knowledge
derived from the development of new goods. It is assumed that the stock
of public knowledge capital derived from learning is equal to the economy’s
cumulative experience in developing new goods. This implies the existence
of knowledge spillovers in research.

The manufacturing sector utilizes only one input, unskilled labor, and has
a linear production function, which serves to stress that our results do not
hinge on increasing returns in manufacturing. The extreme assumption that
the research sector does not use unskilled labor while manufacturing does
not use skilled labor can be easily relaxed. In general, what is necessary for
the results is that the research sector is appropriately more human capital
intensive than the manufacturing sector. The model can be generalized to
incorporate the existence of spillovers from the research to the manufacturing
sector (as in Romer, 1990), or learning within manufacturing (Young, 1993).

In Romer (1990), the allocation of skilled labor between manufacturing
and research plays a key role in determining the growth rate. In our model,
a similar role is played by the allocation of workers between unskilled and
skilled categories via schooling. Education provides an indirect mechanism
for interindustry factor reallocation.

2.4 Consumers’ behavior

There is a given number of finitely-lived consumers that share the same altru-
istic preferences in which offspring’s welfare enters into the utility function.
Preferences are thus represented by the following infinite horizon utility func-
tion:

Ulto) = / * emrt=t) 1 D(1)dt, (6)

to



where p > 0 is the intertemporal discount factor applying to a consumer and
its offspring’s utility. D(t) is a differentiated goods’ utility index, given by

Dy =([ " eln,t)dn) e, (7)

where N(t) is the amount of varieties available at t and 0 < a@ < 1l is a
preferences’ parameter. This index implies that the elasticity of substitution
between any two goods is €(n, n’) = 1/(1 —a). The elasticity of substitution
is greater than one but lower than infinity meaning that goods are imperfect
substitutes. Consumer goods enter symmetrically in the utility index and
have the same cost function, so that they will be consumed in equal amounts

l—a

c(t) and D(t) = N(t)™= N(t)c(t).

Notice that for any given aggregate consumption amount, N(t)c(t), in-
creases in the available variety N(t) imply greater consumers’ welfare. In
the steady state, the level of aggregate consumption output remain constant,
and growth takes place as a result of increases in the utility derived from

l—a

growing levels of the variety term N(t)™= .
The intertemporal aggregate budget constraint is given by

[T Jom0% pvdt < A(to), (8)

to

where
N(t)
E(t) = / p(n,t)e(n, t)dn
0

represents nominal expenditures at t, and A(to) is the present value of the
stream of factor incomes, plus the value of initial asset holdings.

The consumers’ intertemporal maximization problem can be decomposed
into two stages. In the first, households maximize static welfare by allocat-
ing their budgets among available consumer goods, given the expenditure
E(t). In the second stage, consumers determine the flow of expenditure that
maximizes their intertemporal welfare. The solution of the static allocation
problem is given by

p(n, 1)~ E(t) E(t)
d(n,t) = N — =N )
b p(n! t)—edn’ (t)p(t)
where the last equality arises because of the symmetry of costs and the utility

index (7), which implies that prices and consumption amounts must be the
same for all goods.

(9)




The solution of the intertemporal maximization problem implies that the
stream of nominal expenditures follows

E(t)
E(t) - T(t) =P
In this model it is convenient (see Grossman and Helpman 1991) to nor-

malize prizes so that the nominal expenditure remains constant throughout
time. Using the previous expression, we obtain:

B@t)
20 =
r(t) = p. (10)

Furthermore, consumption goods’ prices are normalized so that nominal
expenditure is always E(t) = Pp(t)D(t) = Pp(t)N(t)' 3> N(t)e(t) = 1, where
Pp(t) is an ideal price index associated with the consumption goods index
D(t). Thus, in this set up nominal expenditures serve as the economy’s
numeraire. In growth equilibria, real expenditure will keep expanding which
implies that there is an accompanying price deflation, —gp = %’-g;v. The
real interest rate equals the rate of time preference p minus the inflation rate
gp (p — gp > p). Notice also that in growth equilibria there are savings
even if there is no capital and all currently produced goods are consumed.
Savings take place through increases in the value of firms’ shares all of which

are owned by consumers.

3 Heterogeneous Workers’ Skill Acquisition
Decisions

An individual’s career decision entails the dichotomous choice of whether
to participate in the labor market as an unskilled or skilled worker. Those
individuals who decide to be unskilled work all their life. If they choose to
be skilled, they must devote a period S of their lives for skill acquisition. We
assume that the schooling period is given and common for all workers that
choose to be skilled.



In Sections 3 - 4 we consider the self-schooling case, in which only stu-
dent’s own time enters as input into education. In Section 5, we extend
our analysis to consider educators’ time costs besides students’ time costs.
There is a complete credit market that finances students’ consumption but
there are no explicit parental investments in children as in Becker, Murphy
and Tamura (1990). Leisure, on the job training, and retirement are not
considered in this paper. There are no intergenerational externalities in the
form of spillovers from present generation’s education to future generations’
productivities, such as that studied by Stokey (1991).

The economy’s population, denoted by M, is assumed to be uniformly
distributed on the age interval [0, T]. This assumption implies a given life
expectancy and zero population growth. Along the balanced growth path
equilibrium, labor market age structure will also remain constant. The mea-
sure of the individuals that exit the labor market equals the measure of new
labor market entrants that just finished school. The latter, in turn are com-
pensated for by a new generation entering schooling. The economy’s labor
market structure remains unchanged even if the identities of workers change
all the time. We proceed to search for the labor market equilibrium for this
stationary population structure.

Agents are assumed to be heterogeneous with respect to their educa-
tional achievement, that depends on their individual abilities. The ability
is assumed to be dynasty-specific and publicly known. Figure 1 describes
the distribution of skills in the population. There is an interval [0,7*] of
individual abilities, and the density of individuals with a given parameter
i is constant and equal to m. The total population is M = mit. For
any given cohort, of size M/T, there is also a uniform distribution of the
parameter i € [0, i*] among the cohort’s members. The density of individ-
uals from a given cohort endowed with the productivity parameter 1 is thus
m/T =M/(H*T),Ve.

The decision on specialization depends on the innate ability parameter
because the benefits from education are taken to be a function of that pa-
rameter. If an individual endowed with the ability parameter i chooses to be
skilled, she or he obtains a wage income wgyi*h(S) between times t+S and
t+T. The parameter 8 € (0,1), assumed to be common for all individuals,
could be interpreted as representing the contribution of social environment to
earning power. The function h(S) represents the contribution of S schooling
years to wage earnings. If a worker does not choose to acquire skills, she or he
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obtains a wage income wy,, independent of his innate productivity parameter
i. This formulation implies that the productivity parameter is only effective
if the worker chooses to acquire skills. All unskilled work is homogeneous but
skilled workers are heterogeneous, both with respect to unskilled workers and
among themselves.

Initially, we assume that the only cost of skill acquisition is students’
time devoted to education (the case of spending teachers’ time in education
is treated in Section 5). In this case, an individual endowed with an ability
parameter 7 chooses to specialize if the discounted skilled labor wage income
obtained in the period T'— S is greater than the unskilled labor wage income
obtained working during the entire duration T of her or his life. Algebraically,
schooling is chosen if:

/HT e_"("‘)wyiﬁh(S)ds > /HT e PNy, ds. (11)
t+S t

This condition implies that the ability parameter of skilled workers must be
greater than ¢*, where * verifies

L—e™T s @Lyss — (G(S) s L
e el = Gy M. ()
The optimal i* is obtained by equating the effective skilled wage, h(S)wn1”,
with the foregone unskilled wages, G(S)wy, adjusted for the different un-
skilled and skilled labor working periods, T and T-S (see Figure 2).

Because the foregone unskilled wage opportunity cost G(S) = e—}p's—e_—f_l,;T— >
1, we can easily verify that, in equilibrium, a positive supply of skilled labor
implies wyi?h(S) > wr. That is, the wage income of skilled workers must
exceed the income of unskilled workers in equilibrium. Notice, also, that in-
dividuals with low enough i are more productive as unskilled than as skilled
labor (wyiPh(S) is less than wy).

The supply of unskilled labor is given by the measure of the individuals
with an ability parameter lower than the critical level :*, that is, workers with
i € [0,:*]. Since the population is uniformly distributed on this interval, the
aggregate supply of unskilled labor is L* = m[i* — 0] = ms*. Using (12), we
obtain:

G(S)

s e I\O )y WE
L*=m -.m[h(S)]m[wH]m. (13)

o

1 =

11



The workers that decide to become skilled are those whose ability indexes
exceed the critical level ¢*, that is, those workers endowed with an ability
parameter ¢ € [i*,77]. The skilled labor supplied by any working cohort
is simply the human capital contributed by the m[i* —:*]/T among them
that achieved schooling. Since skilled individuals are heterogeneous in terms
of effective labor supplied, the working cohort supply equals Fh(S) f:+ Pds.
The economy’s supply of skilled labor is obtained by adding up the supply
of human capital over the T — S working cohorts:

-5 . 3 mh(S)g_@gE_a&gz_l
HS = — mh(S)/i‘ Pdi = M¥(S) —u(S)Z1 s o 9
14

where M*(S) = LzSmE h(S) is the supply of skilled labor if all workers

choose to acquire skills and u(S) = —T—;.—s is the fraction of time devoted to
work by skilled workers. Since S is the only policy variable, we do not write
the remaining arguments m, T, ¢t and g, of the function M*(-). We will
take M*(S) as a parameter representing the potential skilled labor market
size in the economy.

The potential supply of skilled labor M*(S) is obtained by determin-
ing the effective supply of the economy’s skilled labor if all workers become
skilled. The value of M*(S) depends on the population density m, the pa-
rameter ¢+ (which is related to average ability i*/2), the social environment
parameter 3, the fraction of time devoted to productive activities by skilled
workers, u(S) = I;—S, and the productivity effect of devoting S years to
schooling, h(S). Notice that the potential supply of skilled labor M*(S) is
not merely a function of the population size parameter m but also of labor
market structure and the productivity of education.

Recall that population is uniformly distributed on the age interval [0,T],
that skilled workers are employed a fraction u(S) = —T—;—s— of their lives, and
that in the steady state the skill structure of the population is constant.
Therefore, we can sustain a steady state in which neither the ratio wy /wr, nor
the skilled workers ability interval [i*,4t] vary. In this stationary equilibrium,
the aggregate supply of skilled labor will be greater the higher the wage
ratio wy /wg. Next section pins down the equilibrium relative wage rate and
determines the critical ability level ¢*, the steady state’s unskilled and skilled

labor supplies, and the associated growth rate.
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4 The Equilibrium

This section determines the balanced growth path equilibrium along which
all the real variables grow at the same constant rate. Equation (1) implies

that the growth rate of the number of goods is equal to ﬁ(—% H/a=g. In
order to compute g we need to specify the demand for skilled labor and utilize
the labor market equilibrium conditions to specify the equilibrium value of
human capital H.

4.1 Equilibrium in the Unskilled Labor and Consump-
tion Goods Markets

The linear technology represented by the production function (3) implies
that the demand for unskilled labor L%(t) is equal to the aggregate supply
of manufacturing output. Because the supply of output must be equal to
the demand for consumption goods, the equilibrium in the unskilled labor
market follows immediately from the equilibrium in the consumption goods
market.

Recall that, since goods are symmetric in terms of costs and preferences,
all differentiated goods must be priced equally. Substituting the value of the
elasticity €[c(n,t)] = —_—; into the pricing equation (5) yields the common
differentiated goods’ price p(n,t) = p(t) =wg/a. Substituting this result into
the demand function (9) and using the condition E( t) =1, Vt, we obtain that

the consumption demand for each variety equals c?(t) = Nﬁ):% = N(SWL

which also equals the demand for unskilled labor ld(t) Hence, the aggregate
consumption demand is given by C%(t) = N(t)c*(t), and is equal to the
demand for unskilled labor N(¢)I4(t):

e (15)

L) = N(t)[N(t)wL oL

The unskilled labor market equilibrium condition is obtained by equating
(15) to the supply of unskilled Iak}qr given by equation (13).

4.2 Equilibrium in the Patents Market

The sector that designs new goods sells infinitely-lived patent rights to man-
ufacturers. In a perfectly competitive patents market, the patent price
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P(n,t) = P(t), Vn, must equal the stream of profits II(t) earned by the
monopolistically competitive manufacturing firm. Using equations (2), (3),
(4), (10), and the pricing equation aplc(n,t)] = wr, we obtain

P(t) = /too e~ ?=(1 — a)p(n, s)c(n, s)ds.

Imposing the normalization E(t)=1 Vt, we have p(n,s)c(n,s) = WI(T) As
long as dN(t)/dt> 0, competition among research firms leads to an equilib-

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

awy
N(t)*

1 awy

/t e"’(’_‘)(l - a)N—(:S-)-ds = W

Using the balanced growth path equation for the number of varieties,
N(s) = N(t)e?(*=9), and performing integration yields

(1-a) _ awH (16)

(p+g)N(t)  N(t)

Notice the negative relationship between the skilled labor wage rate wy
and the growth rate g derived from the patents market equilibrium. An in-
crease in wy raises research costs, reducing the rate of blueprint creation
dN(t)/dt that satisfies the equality between discounted manufacturer’s prof-
its and the cost of developing a new variety. This negative relationship is
depicted as curve wyP**™ in Figure 3.

4.3 Equilibrium in the Skilled Labor Market

The demand for skilled labor H%(t) is derived from the research sector tech-
nology expressed by (1). The constant growth rate condition %%% = g and
the equality (16) yield

N(t) (1-a)

Hd(t)-:aN(t) =ag=———wH——ap. (17)

The supply of skilled labor is given by (14) and depends positively on the
relative wage ratio wy/wr. The equilibrium in this market can be calculated
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by equating the supply of skilled labor H*(t) and the demand H(t) in (14)
and (17)):

E_'L. 'wL]

| F AT e =at (19)

HS = MH(S) = u(S)

4.4 The Equilibrium Growth Rate

In order to solve for the growth rate along the balanced growth path, we sub
stitute the unskilled labor market equilibrium condition L*® = m[%%] [—L]ﬂ
< — [4 into the supply of skilled labor (14), obtaining

wr
MH(s) - UGB _ o (19)
(B+1)wn

This equation, depicted by the wx'®" curve in Figure 3, shows the ex-
istence of a positive relationship between the skilled workers’ wage wy and
the growth rate g compatible with the labor market equilibrium condition
(notice that we combined the skilled and unskilled labor market equilibrium
conditions to obtain (19)). Higher skilled labor wages raise workers’ incen-
tives to become skilled, increasing the supply of skilled labor, the amount of
labor available for the research sector and, thus, the growth rate.

Figure 3 illustrates the determination of the growth rate resulting from
the equilibrium conditions (16) and (19) in the patents and labor markets.
There are two curves: the wyP***™ curve depicts the negative relationship
between the researchers’ cost, wy, and the growth rate. The wy'®*" curve
reflects the positive efect of skilled labor wages on the supply of human
capital, and, hence, on growth. The intersection of the curves gives us the
growth rate and skilled labor nominal wages (recall that real wages increase
due to deflation).

Algebraically, the growth rate is given by:

_ (1= )(B+ )M () — u(S5)G(S)aap
af(1- a)(B+1) +u(S)G(S)a]

(20)

where M*(S) is equal to u(S)mi%)a—;l—h(S)
The endogenously determined growth rate depends positively on the po-
tential supply of skilled labor M*(S). In the pioneering models of endogenous
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technological change, the relevant variable was the population size (Gross-
man and Helpman, 1991) or the exogenous supply of human capital (Romer,
1990). In this model, human capital is endogenously supplied, and de-
pends on the population size parameter m, but also on the labor market
participation rate u(S) = I}—S, the opportunity cost of becoming skilled

G(S)= e%,?%f, the productivity of education h(S), and other parameters
such as those representing population capabilities * and the social environ-
ment 3.

The growth rate depends on the structure of the labor market. A longer
specialization period S has three effects. First, a positive growth effect de-
rives from an increase in skilled workers’ productivity h(S). Second, a negative
growth effect results from the reduction of the fraction of time devoted to
work by each skilled worker, u(S) = T—;—g Finally, an increase in the oppor-
tunity cost of acquiring skills, G(S), also has a negative growth effect. The
reason is that a higher schooling opportunity cost implies an increase in the
critical ability parameter i* and induces a reduction in the number of indi-
viduals who choose to become skilled, m[s* —:*]. The impact on growth of
an increase in the specialization period is ambiguous because it depends on
the overall result derived from the interaction of these three different effects.

The growth rate depends negatively on the preferences’ elasticity param-
eter a, because a higher a means less love for variety and implies that firms
can charge a lower markup on the marginal costs of manufacturing a good.
The rate of technological change depends negatively on the research cost pa-
rameter a, and is negatively related to the discount rate p. These properties

and their intuition are the familiar ones in the endogenous growth literature.

5 Can Higher Educational Expenditures Re-
duce Growth?

This Section introduces the existence of a universal public education sys-
tem. We will show that, even if educational expenditures improve workers’
productivity, it is possible to obtain an equilibrium in which augmenting
the resources allocated to education implies more human capital but slower
growth.

We take government education policies as exogenously determined. Bailén
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and Rivera-Batiz (1995a) study optimal educational policies under Ramsey
wage taxation. They compare the growth and welfare properties of this so-
lution with the results obtained under an equilibrium in which education is
privately financed.

We extend the previous model in two directions. First, teachers’ time is
considered as an input into education besides students’ time. This implies a
trade-off between human capital devoted to research and teaching. Second,
two different levels of education are introduced: basic and higher levels.

The economy’s labor market is described as follows. All workers are
legally bound by law to stay a minimum period S; of their lifetimes at school.
Notice that this legal requirement introduces a distortion because very low
ability agents are forced to undertake minimum schooling that they may
not voluntarily choose. Workers can decide between this minimum period of
schooling (that enables them to work in the manufacturing sector, and earn
a wage rate wy, per unit of basic-skill labor), or to stay an additional period
of time at school, so that the amount of education years is S; > 5;.

5.1 Education Spending and Growth

Workers who choose the higher educational level can work as teachers or re-
searchers. The government decides the number of teachers in the basic and
higher education levels, Hg' and Hg?, and finances the whole educational
system through lump-sum taxes. The productivity of basic-skill workers in-
crease with the amount of basic school level educators in a proportion f(HEg'),
whereas the productivity of high-skill workers depends on basic and high ed-
ucation teachers in a proportion f(Hg?, Hg') (high-skill workers receive both
basic and higher level education). We assume, as before, that the productiv-
ity of workers in the manufacturing sector is independent of their individual
ability parameter 7. Thus, the workers who decide to stay the minimum pe-
riod at school S; earn a wage f(Hgl)h(Sl)wL between t + S, t + T'; whereas
the workers that choose the schooling period S; earn f(Hg?, Hg')wgiPh(S2)
between t + S; and t+T.

Combining the labor market clearing conditions with the equilibrium in
the patent market (that requires l;jr—‘; = awy), we obtain that the long run
growth rate of this economy is
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_ T[f(HE®, Hg")M*(S;) — (Hg' + He®)] - Ap
B al' + A o
where I' = (1 — a)(8 + 1)u(S1), A = u(52)G(S51, S2)aa, and

(21)

G(S] ; Sg) (6 e (3-.”7‘)/(6—-”'52 - C—pT).

An increase in the allocation of workers to the educational sector (Hg' or
Hg?) has two opposite effects on growth. First, the productivity of labor goes
up, increasing the effective supply of high-skill workers. Second, the fraction
of high-skill workers available for the research sector is smaller. The total
effect on growth of a higher number of educators depends on the efficiency
of public educational expenditures and the M*(S;) component of potential
high-skill labor.

It is easy to verify that an increase in the number of basic education teach-
ers Hg! has a positive effect on growth only if the value of M™*(S;) is higher
than 1/fy_1(Hg®, Hg'). Analogously, an increase in the number of higher
level educators has a positive growth effect if M*(S;) > 1/ fy 2 2(Hg?, Hg').
If M*(S;) is small enough (because either m or h(Sz) is small), then for given
educators’ marginal productivities, fHEx(HEZ, Hg') and fHEz(HEZ, Hg'),an
increase in the number of educators reduces long run growth. This happens
because, when m or h(S;) are small, the productivity effect on high-skill
workers of raising the number of educators affects a lower number of workers
or less efficient workers. Notice that this reduction in growth is compatible
with an expansion in the effective supply of skilled workers. This result sug-
gests the possibility of educational investments that could reduce the growth
rate as depicted in Figure 4.

In this framework it is possible to obtain the relative proportion of basic
to higher education teachers that maximizes growth. This proportion is
obtained by equating the marginal productivities of both kinds of educators
in the higher education level, fy, > 2(Hg* Hg') = fug 1\(Hg?, Hg'). Hence,
basic school educators have a role on growth because of their effect on the
productivity of high-skill labor. The growth-maximizing proportion of basic
to higher education teachers depends only on their relative effect on the
productivity of high-skill workers.

Finally, we have that an increase in the resources devoted to education
entail income distribution effects. The initial effect of a greater amount of
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educators is to raise the ratio of high-skill to low-skill labor wages. This raises
the amount of workers who decide to acquire more skills. In the long run, the
supply of high-skill labor augments and this partially offsets the initial greater
wage premia. Since education entails a time to build process, the short run
supply of high-skill labor remains constant at a level H* = H. Then the high-
skill labor market equilibrium condition becomes H= 11;_: —ap+Hg'+ Hg?.
Thus, the high-skill labor wage rate that clears this market is given by wy =
o HE};ZEQ) —;» Which increases when the government raises the amount of
educators. In the long run, the supply of high-skill labor H* rises because of
the higher skill premia. The increase in H* partially offsets the initial rise in
the skill premia (for the dynamics of this process, see Bailén and Rivera-Batiz
(1995b)).

Education investments also have an output level effect because the pro-
ductivity of all workers -and, in particular, the productivity of basic-skill
workers- increases with the number of basic education teachers. Thus, an
expansion in the number of basic education teachers leads to an increase in
the supply of consumption output, even in the case in which the amount of
variety grows at a slower rate. The positive output level effect means that
basic education investments are not necessarily negative from the welfare’s
point of view, even if they decrease the long run growth rate.

5.2 Minimum Schooling Requirements

Another instrument of public education policies is the requirement of a mini-
mum schooling period. For many countries, the fixing of minimum schooling
requirements is key to their educational policies. In this framework, we ob-
tain that an educational policy consisting of raising the minimum schooling
period S; has ambiguous consequences for the stock of human capital and the
economy’s growth rate. Laws establishing minimum requirements have two
opposite growth effects. First, the opportunity cost G(Si, S2) of becoming
high-skill worker is reduced, inducing more workers to acquire skills. This is
so because of the reduction in the additional education time length required
to acquire more skills. The consequence is an increase in the supply of human
capital and the economy’s growth rate.

The second effect of raising Sy is to reduce (T — S;)/T and thus the
effective supply of basic-skill labor. As a consequence, the wage of basic-skill
workers increases, reducing skill premia and the incentives for acquiring more
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skills.

The overall effect of a higher S; depends on the relative importance of
the opportunity cost reduction and effective low-skill labor supply reduction.
Notice that the increase in S raises h(S;) but it has no growth effect because
a higher h(S;) has two offsetting effects. First, a higher h(S;) raises the
return f(Hg')h(S1)wr of low-skill workers, which increases the incentives
of remaining low-skilled relative to becoming high-skilled. Second, a higher
h(S;) increases the supply of basic-skill labor, lowers the basic-skill labor
wage rate wr, and lowers the skill premia wy /wr. These two opposite effects
cancel out against each other.

6 Education Bureaucracy

We extend the previous model by considering that the education process re-
quires supporting personnel, coordinators and other administrators, that is,
a bureaucratic structure. Education bureaucrats facilitate educators’ tasks
by increasing their productivity. However, education bureaucracy is subject
to diminishing returns and absorbs part of the human capital stock, reducing
the effective supply of educators and researchers. We find that there exists
a critical ratio between bureaucrats and educators that maximizes growth.
If government employs too many bureaucrats, growth will be negatively af-
fected.

The total amount of high-skill labor in the public education sector, Hp,
is assumed to be exogenously determined by the government. High-skill
workers in the public sector can directly provide educational services as
educators (Hg' and Hg?) or can support teaching activities as education
bureaucracy (Hg). The basic and high public education system productiv-
ities, f(Hg', Hg) and f(Hg? Hg'; Hg), depend positively on the amount
of high-skill workers employed as education bureaucrats. In particular, we
assume that the productivity effect on high-skill workers is measured by
f(HEZ, Hgl; HB) = b(HB)(Hgl +H52), where b'(HB) > 0, b”(HB) < 0. This
implies that an increase in the number of educators raises the productivity
of all workers in the economy. On the other hand, a larger bureaucracy is
necessary to augment the marginal productivity of educators. To capture
large bureaucracy inefficiency, we assume that teachers’ support and coordi-
nation activities present diminishing returns, because marginal bureaucratic
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activities are less important than primary ones.
Under the previous conditions, the economy’s rate of technological change
is given by

_ T(b(Hp)(He' + HE*)M™*(S2) — (Hg + Hp)] — Ap

9= aT+ A '

We obtain that education bureaucrats have two opposite effects on growth.

On one hand, a larger bureaucracy makes educators more productive, raises

the potential supply of high-skill labor and leads to faster growth. On the

other hand, a greater number of bureaucrats reduces the amount of high-skill

labor that can be employed in education or in research. Next we proceed to

discuss the relationship between bureaucrats and educators that maximizes
long run growth.

(22)

6.1 A Golden Rule for Education Bureaucracy
Differentiating the growth expression (22) with respect to Hp, we obtain that

the amount of bureaucrats that maximizes the growth rate must verify

, _ 1
b(Hp) = (11151 + ng)M‘F(Sz)'

Differentiating (22) with respect to the number of basic or high education
teachers, we have

1

L W) M (Sy)

Combining the previous conditions, we obtain that the growth-maximizing
relationship between education bureaucrats and educators is

b(Hp)

b(Hp)

In particular, if (Hg) = AHp", this relationship becomes Hp = y(Hg' +
Hg?).

Equation (23) shows that the number of education bureaucrats that max-

imizes growth can be written as a function of the amount of educators

= HE1 +HE2. (23)
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Hg = Hg' + Hg®. The ratio between education bureaucrats and educa-
tors depends only on the productivity of bureaucracy, and is independent of
the rest of the economic variables, such as the market size or the periods
of schooling S; and S,. Notice that, for a given amount of high-skill labor
employed in the education sector Hp, b(Hg)Hg = b(Hp — Hg)Hg. Differ-
entiating with respect to Hg we obtain that the ratio between education
bureaucracy and educators that maximizes growth also maximizes the effec-
tive supply of human capital. This result suggests that an increase in the
amount of high-skill labor employed in the public education sector (Hp) that
overly raises the bureaucracy-teachers ratio can reduce the effective supply
of human capital and slow down growth.

7 Conclusion

Modern growth theory places education and human capital formation as the
central mechanism underlying economic expansion. This paper provides a
microfoundation for human capital formation and technological change in
a setting of heterogeneous workers. It models human capital accumulation
that takes the form of an increase in the proportion of the workers that
pay the fixed training costs of becoming skilled. High ability workers will
find it profitable to invest in education while the less able will choose to
remain unskilled. A larger potential supply of skilled labor has a positive
market size effect. This effect raises the demand of skilled relative to unskilled
labor and increases the wages of skilled labor relative to those received by
unskilled workers. The higher wage premium effect augments the benefits
of education and expands the ability range for which schooling is profitable.
The consequent expansion in the stock of human capital provides a push to
growth besides diffusion of ideas, scale effects in manufacturing, and other
benefits of a larger market size.

This paper has emphasized a number of relationships that have inter-
esting empirical counterparts. First, our model suggests that skill premia
are positively correlated with investments in education. For instance, the
South Korean experience shows that the ratio of the wages of college, uni-
versity graduates and over to the wages of high school graduates gradually
increased from 1.75 to 2.18 between 1971 and 1985, then declined to 1.92 in
1988. At the same time, the percentage of the population enroled in post-
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secundary schools and universities rose more than six times (Rivera-Batiz,
1995). In addition, Westphal et al. (1985) reports that the number of Ko-
rean scientists and engineers increased from 6.9 per million population to
22 in the 1970s. Second, not only the level of human capital but also its
composition and structure matters.. Data gathered by Westphal et al. show
that, in 1978, the ratio of engineering students to total post secondary ed-
ucation population was 26 percent in rapidly-growing Korea, while it was
below 15 percent in Argentina, Brazil and Mexico. Murphy, Shleifer and
Vishny (1991) provide evidence that the allocation of talent towards low-
efficiency activities can slow down growth. Third, the model and empirical
evidence provided by Benhabib and Spiegel (1994) suggest that there is no
clear monotonic relationship between the level of schooling and growth. The
seemingly improved schooling levels do not seem to entail higher rates of
economic growth in most advanced countries and others like Philippines and
many Latin-American countries.

The analysis suggests that it is possible to obtain efficiency gains and
faster growth by reducing overextended schooling periods. In fact, Span-
ish educational reforms recently reduced the length of the higher education
schooling period from five to four years. In the early nineties, a similar re-
form in Argentina reduced the length of many college careers from six to
five years. These reforms were intended to augment the effective supply of
human capital by improving the efficiency of the educational system.

We have stressed the role of education bureaucracies. Empirical evidence
(see Hanusheck, 1992) shows that an expansion in the American education
system has been compatible with a reduction in scores achievements. Average
SAT scores declined from about 960 in 1966 to less than 900 in 1990. On
the other hand, the ratio of education bureaucracy to instructional staff
expenditures surged from sixty-four to over one hundred twelve per cent.
Our model can help explain why an increase in the number of educators can
be associated with educational performance decline when the bureaucracy-
instructor ratio rises sufficiently.

The model has interesting implications for the dynamics of endogenous
growth processes in which there are time lags arising from time spent at
school. The dynamics hinge on the response of individuals to the observa-
tion of higher skilled premia. A greater number of workers will choose to
go for schooling over remaining unskilled. Since workers need a period to
specialize, an increase in the relative wage of skilled workers neither implies
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an immediate increase in the supply of skilled labor nor faster growth. The
short run effect is to keep unchanged the supply of skilled workers and reduce
the supply of unskilled workers, and hence output. The dynamics underlying
this ”austerity” period are analyzed in Bailén and Rivera-Batiz (1995b).

This paper has studied the determinants of the economy’s potential for
generating human capital. If growth works through human capital accumu-
lation, the human capital effects studied here should be important. Common
intuition, and experience, tell us that the economics of efficient and effective
education provision hinge on the heterogeneous character of the labor force
ex ante, and on the market forces that play a role in determining ex post
heterogeneity. After all, it is largely by converting the masses of unskilled
labor forces into skilled workers that education has worked to elevate levels
of living and generate take offs in economic growth.
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Appendix I
Consumers’ Problem
A. Static Problem

The representative consumer maximizes (6) subject to (8). The La-
grangian of the problem is

L =c* - Mpc— E].

The first order conditions are

6L — a—1 — _ Ap ~€
50 = O ——/\p_O—»c(n,t)—[a] (24)
oL N(t)
ETo 0= /0 p(n,t)c(n,t)dn = E(t) (25)
Substituting (24) into (25) we obtain
Ace (N e
By = (21" [ g, )\ "tdn =
A, E(t
=17 = Y (26)
« Jo 7 p(n!, )= <dn

and substituting (26) into (24) we obtain the demand functions (9).
Dynamic Problem

Let E(t) = Pp(t)D(t) be nominal expenditures, where Pp(t) is a price
index correspondent to D(t). Thus I{nD(t) = InE(t) — {nPp(t). Substituting
this expression into (6) we determine the indirect utility function. Given the
constraint (8), the Lagrangian of the problem is

L* = e InE() — InPp(t)] — Mto)[e” S0 " E(t) — Alto)).
Differentiation with respect to E(s) and A(to) yields the first order conditions

e—p(t_to)

_ ~[R(t)-R(to)] 9
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plus the budget constrain (8). Notice that R(t) - R(¢o) is the solution of the
interest rate integral. Differentiating logarithmically with respect to time ¢
we have

— = R(t) —p=r(t)—p. (28)

Appendix II

Human Capital Supply

A. Determination of ¢*

A worker decides to become skilled if inequality (11) holds. The left side

of the inequality is

—p(s—t)

t+T
/ e“’("‘)wyh(S)iﬁdé‘ = ; ;ﬂ th(S)iﬁ
z _

+S
= [i—_p—f-_—iwyh(S)iﬂ].
The right side is given by
/;HT ey ds = [1—:-:_-—pTwL].

Comparing both expressions and solving for ¢*, we determine the expres-
sion (12).

Optimal Schooling Period S

Skilled workers choose the schooling period S that maximizes their dis-
counted revenues, given by
e=?T

t+T -pS _
/ e~V h(S)iPds = [F———
t+5 p

wirh(8)i®)].

Differentiating with respect to S, we obtain the first order condition

e~#S

d!
P

pS -oT

— whh(8)if] =0

wirh(S)i] + [
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which implies
K(S) _ p
h(S) 1 —erT-5)"

Notice that the previous result means that the optimal choice of S is
independent of the individual ability parameter i. This happens because a
greater i raises both the revenues and the opportunity costs (foregone effec-
tive wages) of schooling in the same proportion. Thus, we can determine
the supply of skilled labor as a function of individuals’ abilities, leaving the
schooling period as exogenously determined by the government, that can
choose S optimally (this fact does not change the measure of individuals
that decide to acquire skills).

Appendix 11

Self Education Case: the Growth Rate

Given equations (14) and (17) (that determine the supply and demand
for human capital), the equilibrium in the market for skilled labor implies
m [G(S)wl]e_}l_ _(d=0
ﬁ +1 h(S)wh Wh

M*(S) — u(S)h(S)

Using unskilled labor market equilibrium condition, (13) = (15), and substi-
tuting into the previous equation, the supply of human capital can be writen
as

w(S)(S) G(S)w G(S)wr u(S) G)wi a _

M*(S) - B+1 h(S)whm[h(S)wh]E=M+(S) B+1 wh w
_ _u($)G(S) o
= M*(S) T R

The equilibrium condition in the patents market implies that the wage
rate for the skilled workers is wy, = a1;+‘;). Substituting wy into the previous
equation, we obtain that the supply of human capital is equal to

5)G(S)a(p + g)a
(1-e)B+1)

m(s) - 4
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The demand function for skilled labor is H? = aM) ag. Then, the equality

. N{(
between the supply and demand for human capitzﬁ implies

t-aB+1) 7

Solving for g, we obtain the expression for the growth rate (20).
Appendix IV
Public Education Sector: Equilibrium Growth

The supply of high-skill labor is given by integration over the set of work-

ers endowed with an ability parameter i greater than (G(ff;lig)ﬁ;’;;{ggg;jb )1/8

b
where

G(S1,5:) = (™% = &™) /(7% — &),
The effective high-skill labor supply equals

it

w(Sy) f(Hg?, Hg")h(S2)m / Adi,

l
ad

where u(S;) = T—‘T‘fl The demand for high-skill labor is the sum of the
amount of high-skill labor allocated to the educational sector by the govern-
ment, Hg = Hg' + H g2, and the amount of high-skill labor demanded by
profit-maximizing research firms, given by (17). Consequently, the high-skill
labor market will be in equilibrium if

mh(S;)
B+1

G(S1, Sa)f (HE (S 2

i HhSon

f(Hg* H")[M*(5,) — u(S52) (

l -«
:HEI+H5‘2+—w—H——ap.

The potential supply of high-skill labor is f(Hg', HE*)M™*(S2), where M*(S5)
is equal to u(Sg)mh(Sg)%);. The equilibrium condition for the basic-skill
labor market is given by

T-5
T

G(S), S (HEYA(S)we s _ @
f(Hg? Hg")h(S2)wy wy,

F(Hg"Yh(S)m(
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From this equilibrium condition, we obtain

G(51, S2)h(S1)wLyyyp @
S = SR

f(He)m(

where u(5)) = T—}—&

Using this condition, the supply of high-skill labor is given by

U(Sg)m(G(Sl, Sg)h(sl)wL)
ﬂ + 1 h(Sz)‘U)H

f(Hg)M*(S;) - f(HE) =

u(Sy)m (G(Sl, sz)h(sl)wL)% (G(Sl, Sz)h(Sl)wL) _
B+1 h(S2)wp h(S2)wn

f(HE)M™*(5,) — f(HE)

_u(S2) o« G(S1, S2)h(S1)wr,

f(Hg)M*(52) u(S1) wph(S1) h(S2)wr )

u(S;) aG(S1,S,)
(51)(B+1) WH

(u(S'g):I}—Sl). The demand for skilled labor is equal to L}'—H‘” —ap+ Hg' +
Hg? = ag+ Hg! + Hg?. Using the patents market equilibrium condition wy

= 1;;—‘;—, substituing this condition into the supply of skilled labor and solving

for g, we obtain the equilibrium growth rate expression (21).

Appendix V

= f(He)M*(S:) — — ),

The Dynamics

In this Appendix we examine the model’s dynamic equilibrium equations.
We obtain that the dynamics of the economy can be expressed by a system
of difference-differential equations.

We begin with labor market equilibrium. An individual born in a period
s and endowed with an ability parameter i decides to acquire skills if the
discounted wages of skilled labor Wy(s) are sufficiently high relative to the
discounted wages of unskilled workers Wy (s), that is, if
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i"(s) S WL(S) 1/8 _ [ fs+T “’(“-’)wL(u)du
ZROWn(s) T h(S) 2T e (u)du

The supply of skilled labor at time ¢t is given by the number of workers
born at time s € [t-(T-S), t| endowed with a parameter of ability i* higher
than the ratio [W(s)/Wg(s)]'/? of discounted wage earnings at instant s.
Since the total number of workers (distributed in T cohorts) endowed with
a given ability parameter 7 is m, the number of workers endowed with an
ability parameter higher than ¢* belonging to each cohort is Z[z* —:*]. The
effective supply of skilled workers is determined by aggregating the supplies
of skilled labor made by each generation of workers born at s€ (t, t-(T-S)},

that is
m t—-S pit
= / / P dids.
T (S) - l_0(9)1 dids

Solving this integral and using equation (29), we determine the supply of
skilled labor function

e (29)

ﬁ+1

f+1 ﬁ+1 )

E—_gi
HS = Zh(S){(T - )& ds].  (30)

T

From the technology expressed in equation (1), we know that the rate of

innovation 1—’3—(? = g(t) is equal to H(t)/a. Differentiation of the supply of

skilled labor with respect to time t yields

841

m_ Wit=8) ep  Wilt=T) e, 1)

T(B + 1)[[Wy(t - 5)] B [w,,(t - T)]

that is, we have that the supply of human capital (and, thus, the economy’s
rate of innovation) increases if the ratio of discounted wage earnings at t-S
Wy (t—S)/Wi(t—S), is higher than the ratio at t-T, Wg(t —T)/Wi(t—T).
This happens because at each instant ¢t the generation born at t-T disappears,
and so its human capital. At the same time, the generation born at t-S
begins to supply effective human capital. Therefore, since the population
does not grow, the total supply of human capital is increased if there are
more workers who decide to become skilled at t-S than workers who decide

H(t)= -
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to become skilled at t-T, that is, if the ratio of discounted wage at t-S is
higher than the ratio at t-T. Notice that the increase of the supply of human
capital does not depend on the ratio of discounted wages at t.

On the other hand, the supply of unskilled labor is made by all individuals
endowed with an ability parameter lower than ¢* born between t-T and t.
Using (29) we obtain

sy="[" s = = [ (el s
() = g [ 17(e) = Olds = s /_T[WH(S)] ds.  (32)
This expression means that the supply of unskilled labor (and the supply of
manufactured goods) increases if the ratio Wi (t)/Wg(t) is higher than the
ratio Wi(t — T)/Wx(t — T'). As we can see, contrary to the innovation rate,
the supply of output at t depends on the ratio of discounted wages at ¢.

We need to determine now the dynamic equations for the demand for
skilled and unskilled labor. Skilled labor is demanded by research firms, who
sell the patent rights on new goods to monopolistically competitive firms
that commercialize the new goods. The equilibrium condition for the patent
market implies that the value of the manufacturing firm V(t) must be equal
to the price of the patent, equal to the cost of producing a new blueprint,
that is

_® el —a, aws(i)
V(t)_/t e~ )N(s)ds_ OB (33)

Let Z(t) = V(t)N(t) be equal to the aggregate value of all manufacturer
firms in this economy. The derivative of Z(t) with respect to time yields
Z(t) = V(t)N(t) + V(t)N(t). By equation (33) V(t) = pV(t) - N"(f‘), and
the technology expressed in (1) means N(t) = ﬂ%l—vﬂ Furthermore, the
equilibrium condition for the patents market means N(t)V(¢) = awn(t).
Hence, Z(t) = awy(t). Using these conditions, we determine

) H(t l—a
i (t) = lo+ T Dy (1) - 12, (34)
where H(t) is the supply of human capital given by (30).
The equilibrium condition in the unskilled labor market implies that the
supply of unskilled labor (32) must be equal to the demand for this factor,
3 From this condition we obtain

wy(
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mawg(t)? Wit - ;’)]l/p _ (elyys, (35)

Ta [[WH(t -T) Wy(t)

Finally, we need to know the dynamic behavior of the discounted skilled
and unskilled wages Wy (t) and W (t). Differentiation of these two integrals
yields

wr,(t) =

Wi(t) = pWa(t) + e Twp(t + T) — e wy(t + S) (36)
Wi(t) = pW5(t) + e Twr(t + T) — wr(2). (37)

Equations (31), (34) - (37) form a system of difference-differential equa-
tions. The system can be studied by numerical methods (see Bailén and
Rivera-Batiz, 1995b). In general, since H(t) is bounded, that is, 0 < H(t) <
M*(S), if we begin with an arbitrary set of initial conditions {{Wk(u),
Wi(u)}ioh ), wi(t—1); wi(t—1)}, it is possible to obtain either a no-growth
solution or bounded growth with oscillations in the rate of innovation. If we
begin at the unique balanced growth path equilibrium, though, oscillatory
behavior will not arise.
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Figure 3: Relationship between Growth and Skilled Workers’ Wage Rate
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