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Abstract

To examine how human capital accumulation influences both economic growth and
income inequality, we carefully endogenize the demand and supply of skills. We explicitly
introduce the costs and externalities in education, and examine how both relate to
learning-by-doing and R&D intensity. In addition, we endogenize the determinants of the
skill-bias of labor demand: the complementarity between technology and skilled and
unskilled labor. Our results identify parameters that are central to the evolution of inequality
during the development process. We characterise development thresholds when countries
switch endogenously from pure learning to deliberate R&D, and we show that technical
change can generate multiple steady states that are consistent with the cross-country data on
inequality and skill-premia.q2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The relationship between equality and growth is of fundamental interest not
only to economists, but also to policymakers. Despite the fact that the empirical
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Ž .literature on the subject dates back to Kuznets 1955 , no definitive stylized facts
have emerged that indicate how inequality and growth interact during the develop-
ment process.1 This lack of a clear relation between inequality and growth may be
partly due to the dual role of human capital in development. In his analysis of the

Ž .relationship between human capital and inequality, Tinbergen 1975 suggested
that inequality is ultimately determined by the opposing effects that technology
and education exert, respectively, on the demand for and supply of skilled labor,
and hence on the relative wage. He stipulated that the relationship between growth
and inequality is determined by theArace between technological development and

Ž .educationB 1975, p. 97 . Tinbergen’s statement has not been formalized and the
task of this paper is to model both effects explicitly to shed light on the
remarkably diverse empirical relationship between human capital and inequality.

In this paper, we explicitly model endogenous human capital and technology to
highlight that the relationship between growth and inequality is indeed complex
due to offsetting supply and demand effects. In our model, the direct effect of
greater supplies of human capital is to lower the relative wage, and hence,
inequality. However, we also highlight that human capital accumulation indirectly
generates more innovations, which in turn increase the demand for skilled workers
to absorb new technologies into production. As a result, our model predicts a
non-monotonic relationship between educational attainment and inequality, which
may help to explain why cross-country analyses of income inequality tend to find
that school enrollment rates have little explanatory power.2

In modeling human capital accumulation and technical change, we focus on
three essential features. First, we explicitly introduce costs and externalities
associated with skilled labor supply, and examine how both relate to learning-by-
doing and R&D intensity.3 Second, we endogenize the determinants of the degree
of skill-bias in labor demand. Specifically, we endogenize the complementarity
between technology, and skilled and unskilled labor. Third, we differentiate
between deliberate R&D and serendipitous learning-by-doing. R&D is potentially
the more productive means of innovation, but it is also more costly and it requires
an adequate number of researchers to yield sufficient returns and justify R&D
investment. As a result, the model determines endogenously which countries rely

1 Cross-country evidence on the effect of growth on inequality and on that of inequality on growth is
Ž .inconclusive see, for example, Anand and Kanbur, 1993a; Deininger and Squire, 1998; Forbes, 2000 ,

Žwhile historical and recent time series shows a diversity of experiences Williamson, 1991, 1999;
. Ž .Gottschalk and Smeeding, 1997 . For a review see, Aghion et al., 1999 .

2 Ž . Ž .See Bourguignon and Morrisson 1998, Table 3 and Breen and Garcıa-Penalosa 2000 .´ ˜
3 Ž .Rather than focusing on parental effects in education as Galor and Tsiddon, 1996, for example ,

we are concerned with group externalities in education, following the growing literature on external
effects within schools and the role ofAsocial capitalB in human capital accumulation. See Tamura
Ž . Ž . Ž .1991, 1996 , Galor and Moav 2000b and Benabou 1996a,b, 2000 for models with externalities at

Ž .the school level, and Borjas 1995 for related evidence.
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only on learning or also on R&D in order to provide a possible rational for the
threshold effects that abound in the development literature.

The results derived in the paper attract attention to parameters that are central to
the supply and demand of human capital, but which have been absent from
previous empirical analyses of the inequality and growth relationship. Our results

Ž .mirror Tinbergen’s 1975 hypothesis that the pattern of relative wages along the
development path depends on the strength of the demand for skills exerted by
technology relative to the supply of skills generated by education. Our model
emphasizes that whether a country experiences rising or falling inequality as the

Ž . Ž .growth rate increases depends crucially on a the externality social returns in
Ž . Ž .education, b the evolution of the direct cost of education, c the elasticity of

Ž .substitution in production between skilled and unskilled, and d the relative
productivities and costs of learning-by-doing versus R&D. Neither of these
variables has thus far been included in the regressions that attempt to untangle the
relationship between inequality and growth across or within countries. For exam-
ple, since it is likely that the use of advanced technologies lowers the elasticity of
substitution of skilled and unskilled in production, the product mix of a country
should also enter as an important determinant into growth and inequality regres-
sions.

Our second result is the endogenous emergence of poverty traps. Poverty traps
are usually explained by the presence of positive externalities, such as threshold

Ž .effects in education e.g., Azariadis and Drazen, 1990 , endogenous fertility
Ž . Ž .decisions e.g., Becker et al., 1990 , coordination failures e.g., Acemoglu, 1996 ,

Ž . 4or external effects associated with human capital investment e.g., Tamura, 1996 .
Our model provides another possible mechanism: the interdependence of the
supply and demand for skilled labor when technical change is skill-biased. In
contrast to previous work, where agents are assumed to be identical, our frame-
work shows that being in a poverty trap has implications about both aggregate
income and the distribution of income. In our model, development thresholds are
endogenously generated, since the move from learning to R&D occurs only when
the income generated from R&D justifies the factor payments to the sector. With
few skilled workers, research output is small, costs of implementing new technol-
ogy are high, and the benefits to the final good production are reduced. In terms of
skill complementarity, the benefits generated by a small R&D sector are even
further eroded as unskilled labor can easily adapt to the slow rates of technical
change.

The previous literature on inequality and growth falls into several different
classes. The early literature stipulates imperfect mobility between distinct sectors
Ž . 5from agriculture to industry , which affects the distribution of labor incomes. In
the last decade, the impact of initial inequality on growth rates has been examined

4 Ž .See Azariadis 1996 for a survey on the literature on poverty traps.
5 Ž . Ž .See Kuznets 1955 and Harris and Todaro 1970 .
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Žby papers that emphasize the constraints to investment in human or physical
.capital imposed by capital market imperfections, or the impact of inequality on

Ž . 6socio-political in stability and redistribution. More recently, and motivated by
the experience of the US and a number of other OECD countries, interest has

Žshifted towards the effect of growth on distribution. In particular, the rate or
.direction of technical change is seen as a major determinant of the relative wage

between educated and non-educated workers.7

However, the joint determination the rate of technological change and the stock
of educated workers has received little attention. One exception is Galor and

Ž .Tsiddon 1996 , who argue that in the presence of externalities in the accumulation
of human capital, both at the aggregate and the family level, the initial distribution
of income determines both aggregate income and the distribution of human capital

Ž .—and therefore of earnings. Closest to our work are Galor and Moav 2000a and
Ž .Gould et al. 2000 , who also maintain that it is not the ex ante distribution of

income, but rather the technology-driven demand for labor that is central to
explaining inequality and growth. As in our model, they assume that technological
change erodes the aggregate stock of human capital due to its effect on the
productivity of uneducated workers. As the number of educated workers increases,
the rate of technical change accelerates due to externalities associated with human
capital. Since skilled and unskilled labor are perfect substitutes, this process
implies that the rate of technological progress, the number of educated workers,

Ž .and the skill premium grow together during the convergence to the unique steady
state. Although this may be a suitable description of recent trends in certain
industrial countries, in a broader sample, the relationship between educational
attainments and wage inequality is ambiguous, as countries with significantly
different levels of human capital exhibit similar returns to education.8 Our paper
explores precisely the reasons why a non-monotonic relationship between the
supply of skilled workers and the skill premium may be observed.9

The structure of the paper is as follows. Section 2 presents the model,
specifying the relative demand for labor, the supply of skills, and technological
change. Section 3 describes the general equilibrium and stationary states, and
Section 4 shows the possible patterns of inequality and growth and how they
depend on parameter values. We then discuss our results in the light of empirical
evidence, and examine possible policy options. Section 5 concludes.

6 Ž . Ž . Ž .See Galor and Zeira 1993 , Banerjee and Newman 1993 , Aghion and Bolton 1997 , and Chiu
Ž . Ž . Ž .1998 , on models with credit market imperfections, and Perotti 1993 , Alesina and Rodrik 1994 , and

Ž .Persson and Tabellini 1994 for a political economy analysis.
7 Ž . Ž . Ž . Ž .See Eicher 1996 , Greenwood and Yorukoglu 1997 , Acemoglu 1998 , and Caselli 1999 .
8 Ž . Ž .See Acemoglu 1999 and Chiu 1998 .
9 Ž .Acemoglu 1998 argues that an increase in the supply of educated workers can have a

non-monotonic effect on the skill premium, as it induces firms to produce technologies that comple-
ment educated labor and hence changes in thedirection of technical change.
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2. Production structure

2.1. Final and intermediate goods

A competitive final goods sector produces one homogeneous output using
human capital and a variety of intermediate inputs. The basic production structure

Ž .of the final good is based on Romer 1990 , with output being produced according
to

Dt
1yd dY s n i H , 1Ž . Ž .Ý tt t

is1

where D represents the number of different intermediate goods used in produc-
Ž .tion, n i is the quantity of theith intermediate good employed, andH is the

skill-adjusted stock of labor in the economy. Technological change takes the form
of an expansion of the number of different intermediate goods available.

The intermediate goods sector is competitive, and each intermediate good
requires one unit of capital,k, to transform a new technology into a new
intermediate good. Profit maximization in the intermediate goods sector implies

Ž . Ž .the usual symmetric use of inputsn i sn , which allows us to rewrite Eq. 1t t

as10

Y sD n1ydH d. 2Ž .t t t t

Our aim is to provide additional structure to the absorption process that
differentiates skilled and unskilled labor. The two types of labor differ not only in
terms of productivities, but also in their technological capabilities. Previous
growth models stipulate exogenous productivity differentials between skilled and
unskilled workers; we endogenize these differentials. We posit that technology is
not equally complementary with skilled and unskilled labor, but that skilled
workers possess a greater capacity to absorb new technologies and to better handle
increased technological change. Exactly how complementary technology is with
the respective types of labor will be a function of the rate of technological change
itself. That is, the greater the speed of technological change, the relatively more
productive skilled labor becomes, compared to unskilled labor. To generate such
endogenous relative productivities, we assume that the skill-adjusted stock of labor
can be disaggregated according to the following CES function:

y1raD yaty1 ya PH s U q S , 3Ž .Ž .t t tž /Dt

whereSP denotes skilled labor employed in production andU unskilled labor. Wet t

restrict the degree of substitutability between the two types of labor and assume

10 See the Appendix A for the complete intermediate firm problem.
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Ž .0)a)y1. The resulting elasticity of substitution,fs1r 1qa , falls in the
Ž .interval 1,̀ , implying that skilled and unskilled labor in production are imperfect

substitutes.
Ž .Eq. 3 also implies that the relative shares of skilled and unskilled in the total

Ž .effective labor force or in the total product are a function of the rate of
Ž .technological change. This assumption is akin to the Nelson and Phelps 1966

argument that greater skills allow for faster adoption of technology. It also
receives strong support from empirical studies, such as Bartel and Lichtenberg
Ž .1987 , who show that the relative demand for skilled workers declines with the
age of the plant and equipment, and that technology enters labor demand non-neu-
trally. The production structure thus incorporates the notion that not only the
absolute, but also therelatiÕe productivities of skilled to unskilled labor change
with the level of development, or with the rate of progress observed in an
economy.

Ž . Ž .From Eqs. 1 and 3 , the labor demand can be derived as a function of the rate
of technological change and the relative wage of skilled to unskilled labor,v :t

1qaSw U Dt t t
v ' s . 4Ž .t U Pž / Dw S ty1t t

Ž .Eq. 4 shows that, on the production side, the relative wage is determined by
two standard factors: relative factor supplies and relative productivity. The latter
is, however, determined by technological change. An increase in the relative
supply of skilled workers lowers the relative wage, while an increase in the rate of
technological change raises it. Depending on the strength of each factor, the
effects of an increase in technological change may well outweigh the effects of
concurrent increases in the skilled labor force.

2.2. Factor supplies

This section outlines the incentives to invest in education, given the relative
returns to skilled and unskilled labor. Agents live for two periods, work only when
young and, for simplicity, consume only when old. LetS denote the total numbert

of skilled workers in the economy, andU the number of unskilled workers. Wet

normalize the size of the population to unity, which implies the labor constraint

U qS s1. 5Ž .t t

Skilled workers can be employed either in production,SP, or in research,SR.t t

When new technologies are introduced, agents must learn to work with these
technologies to become skilled labor. Hence, at the start of their working lives,
agents have to decide whether to invest in education or to remain unskilled.
Agents possess perfect foresight and skills, which are acquired only through
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formal education. We assume that agents differ in their abilities to learn,a, and
w x 11that these abilities are distributed uniformly,ag 0,1 .

The cost of education takes the following form,c wUra. That is, two compo-t t

nents determine the cost of education. First, there is a direct costc wU, which ist t

proportional to the unskilled wage and therefore increases as the economy
grows.12 For simplicity, education is instantaneous. In addition, more able individ-
uals can learn fasterrbetter and therefore incur a lower cost, captured bya in the
denominator.

We postulate that the direct cost of education is a function of the number of
w xagents being educated, so thatc sc S . More specifically, we assume that itt t

Xw xdecreases in the number of agents seeking schooling,c P -0. This assumption
may account for fixed costs in the education process, such as physical structures or
the cost of taking teachers to rural areas. Alternatively, one could motivate the
declining marginal cost of education as the result of externalities in the education
process.13 It has become standard to assume in growth models that a greater
aggregate stock of human capital increases the skills acquired from a given
educational investment. We reverse this relationship and argue that a greater stock
of human capital makes it less costly to attain a given level of skills. For

w xsimplicity, we assume a specific functional form for the education cost,c S st

rSys , which incorporates a direct cost,r, and a measure of the externality,s .14
t

To allow for differential taxation of skilled and unskilled, we impose an income
tax of t only on skilled wages. The income of a skilled worker born at timet can
be written as her net wage income minus the education cost15

rSys wU
t tS SY s 1yt w y . 6Ž . Ž .t t a

Ž .Agents choose to invest in skills if the income in Eq. 6 exceeds that of remaining
unskilled, Y UswU. Equality between these two expressions gives the level oft t

ability of the agent that is indifferent between investing in education and working
) ys Ž Ž . .y1as unskilled:a srS v 1yt y1 . The uniform ability distribution, i.e.t t t

11 Ž .If skills were to influence ability as, for example, in Tamura, 1991 , the labor supply function
derived below would not be impacted qualitatively. This assumption would generate results that are

Ž .equivalent to our discussion of stronger education externalities see below .
12 Any measure of the direct cost of education would do, as long as the cost grows proportional to

U S Ž .income in equilibrium. If we replaced, for example,w , with w , Eq. 6 below would simply changet t
Ž ys .y1to v 1yty rS r1yS .t t t

13 Ž .See Coleman 1990 for a discussion of social capital and its impact on educational attainment,
Ž .Borjas 1995 for evidence of externalities at the school level, and Psacharopulous and Woodhall

Ž .1985 for evidence that initial years of schooling are usually the most cost effective and productive in
terms of educational expenditures.

14 As we will show in Appendix B.1, 1qaGs is required for stability.
15 See Appendix A for a description of the capital market equilibrium.
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) Ž .S s1ya , together with the labor constraint Eq. 5 , allow us to express thet t

relative wage as a function of the number of skilled workers,

rSys
t y1

v s 1q 1yt . 7Ž . Ž .t ž /1ySt

The above inverse labor supply equation gives the relative wage needed to
induceS workers to invest in skills. The relative wage first declines and then rises
in the stock of skilled labor. The initial decline reflects the decrease in the cost of
education as more agents opt for education. Subsequently, the rising opportunity
and effort costs dominate to force an increase in the relative wage to elicit a
greater supply of skilled labor. The relative wage equation thus highlights the
effects of increasing returns to education at different stages of development. For
low levels of development, the abundance of unskilled labor keeps the opportunity
cost low, which combines with high returns to education and large spillovers to
provide strong incentives to invest in education. As the stock of skilled workers
rise, so do the opportunity and effort costs, which eventually outweigh the effects
of the education externality.

Ž . Ž .Expressed in the wage–labor space,S, v the labor supply function, Eq. 7 ,
shifts upwards as the direct cost of education increases,r and its minimum occurs

˜ Ž .at S ssr 1qs . Hence, an increase in the externality moves the minimum tot

the right, implying that stronger externalities in education prolong the decline in
relative wages. The differential tax rate that is levied on skilled workers shifts the
curve up, as it increases the relative wage to induce an equal amount of skilled to
seek education. These findings pertaining to the externality, the tax, and the direct
cost of education are summarized in Proposition 1.

Ž .Proposition 1 Labor Supply .Externalities in education, s , generate a U-shaped
relationship between the relatiÕe wage and the supply of skilled labor. The greater
the externality, the more prolonged the initial decline of the relatiÕe wage.
Increases in the direct cost of education, r or in the differential tax on skilled
labor, t , require higher relatiÕe wages for each leÕel of skilled labor supply.

2.3. Technological change

Ever-new technological blueprints are employed in the intermediate goods
sector, together with a unit of capital, to produce a new type of intermediate good
that is then used by the final good sector. There are two possible ways of

Ž .generating new technologies. First, via learning-by-doing henceforth, LBD ;
second, through deliberate and costly investment in research and development
Ž .R&D .
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Learning-by-doing takes place as skilled workers serendipitously discover new
types of intermediate goods during the production process, according to

Dt
s1qgS , g)0. 8Ž .ty1Dty1 LBD

The exclusive reliance on LBD is thought to be limited to the early stages of
development when skilled labor is perhaps too scarce to allow for a dedicated

Ž .research and development activity. Lamoreaux, et al. 1999 present several
historical summaries that testify to the importance of both learning and deliberate
R&D across firms and countries. We incorporate the important distinguishing
features of learning and deliberate R&D by determining when a country switches
endogenously from learning to deliberate R&D. We posit that the endogenous

Ž .threshold depends on whether a sufficiently large number of potential researchers
has been attained.

Ž . Ž .We follow Shell 1967 and Grossman and Helpman 1991, Section 2.4 and
assume that research is financed by a public entity that raises revenues through tax

Ž .collections,t . Any more complex means of R&D financing is feasible as long
as it retains the proportionality between the total stock of skilled labor and the
shares of labor allocated in production and research. Otherwise, balanced growth
would not be possible.16 There is strong evidence for the importance of publicly

Žfunded R&D, especially in developing countries Rustichini and Schmitz, 1991,
. 17 Rprovide numerous examples . WhenS researchers are employed, the economyt

produces technological blueprints according to

Dt Rs 1qgS bS , b)1. 9Ž . Ž .ty1 ty1Dty1 R&D

Ž .In Eq. 9 , we posit that technical change is an amalgam of LBD and research
effort.18 Hence, learning does not cease when R&D is undertaken, but it continues

Ž .to contribute to the technology output. We know from Jones 1995 that the

16 Privately financed R&D could also be introduced. With private R&D, the joint determination of
Ž .R&D activity profit streams and the incentives to invest in education generate far more complicated

skilled labor demand functions than the ones derived below. Qualitatively, the results would, however,
be similar.

17 There is clear evidence that the share R&D, which is publicly funded is extremely high in
developing countries. For example, in 1990, it was 95% in Mexico, 87% in India, 51% in Italy, and

Ž .45% in the US UNESCO, 1999, Table 3.3 . From a historical point of view, the first research
institutions were probably the academies established by Frederick of Prussia and Catherine of Russia in

Ž . Ž .the 18th century. Major research labs like the MIT 1969 , Johns Hopkins 1876 the Reichsanstalt
Ž . Ž .1895 and the British National Physics Lab 1902 were also initially publicly funded.

18 The results of the model do not depend on the assumption of exogenous taxation. Instead of
taxation determining the share of skilled workers in research, one could assume this fraction to be
constant. As shown in the previous footnote, public finance is an important determinant of R&D,
especially in developing nations.
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specification of the accumulation functions that generate the endogenous factor are
crucial to the results of the model. Hence, we augment the common reduced form
R&D sector to combine learning and directed research. We will discuss below
how the results depend on our technology specification.

More importantly, however, is the assumption that a sufficiently large number
of skilled researchers,SR, is required to generate a rate of technological changet

Ž . Ž .that exceeds pure LBD. Consistent with the motivation for Eq. 8 , Eq. 9 reflects
that R&D is not necessarily sensible for all types of economies. For low levels of
skilled labor, R&D will not be profitable—not just in terms of final output but
also in terms of the generated rate of technical change. Only after a country is
sufficiently developed in terms of its supply and demand for skilled labor will
deliberate R&D be done. As R&D becomes economically feasible, the dedicated
research effort generates a crucial advantage over pure LBD: it leads to greater
advances in knowledge.

Having specified the mechanics of technical change, we can write the labor
constraint for skilled workers when R&D is undertaken asSPqSRsS . If not t t

R&D is done, all skilled labor work in production.
We assume that the government undertakes all R&D, and that the blueprints

are put in the public domain and can be used at no cost. Research is financed by
tax revenues, and the fiscal budget is always balanced. The budget constraint is
thent wS S swSSR. Any excess revenues at the end of the period are classifiedt t t t

as fiscal waste.
Given the budget constraint and the skilled labor market constraint, we find that

the number of skilled workers that contribute to R&D and to production is given
by

SRstS 10Ž .t t

SPs 1yt S . 11Ž . Ž .t t

We can now utilize the equations for technological change under LBD and
Ž . Ž . Ž .R&D, Eqs. 8 and 9 , and substitute for the division of skilled labor, Eqs. 10

Ž . Ž .and 11 , into Eq. 4 to derive the inverse relative labor demands under the two
regimes. That is,

1qa1ySt
<v s 1qgS , 12Ž . Ž .LBDt ty1 ž /St

1qa1qgS S 1ySŽ .ty1 ty1 t
<v sbt , 13Ž .R& Dt 1qa ž /S1ytŽ . t

Ž . Ž .Eqs. 12 and 13 imply that the demand for skilled labor is a lagged function
of its supply, as the relative wage is decreasing in the current stock of skilled labor
but increasing in the last period’s stock. The reason for this is that a greater
proportion of skilled labor in periodty1 results in faster technological change,



( )T.S. Eicher, C. Garcıa-PenalosarJournal of DeÕelopment Economics 66 2001 173–197´ ˜ 183

which means that the productivity of skilled labor is growing more rapidly than
that of unskilled labor. This raises the demand for skills att, and therefore the
wage ratio for any given supply.

3. General equilibrium and stationary states

General equilibrium in the goods and factor markets is attained by equating the
Ž . Ž . Ž .labor supply, given in Eq. 7 , to the labor demand, Eqs. 12 and 13 , which

renders two differential equations inS and S . The exact expressions for theset ty1

equations are given in Appendix B.19 In what follows, we impose the restriction
that 1qa)s , that is, the education externality is not too strong given the
elasticity of substitution between the two types of labor. This ensures thatS ist

increasing in the previous period’s stock of skills.
Ž .The equilibrium is best expressed inS,v space, which relates relative wages

and income inequality to the level of development and economic growth. Consider
the steady state behavior of the model. In steady state,S sS sS, andty1 t

equilibrium is given by the intersection of the labor supply function with the
steady state labor demand. This yieldsS) as a function of the parameters of the
model, as shown in Appendices A and B. Once the equilibrium stock of skilled
labor is obtained, it uniquely determines the degree of wage inequality and the rate
of growth of the economy. Relative wages are given by the supply of labor
function. To obtain the rate of output growth, note that in steady state, all inputs
except the number of intermediate goods available are constant. The steady state
growth rate is then given by

Y yY D yD )gS LBDt ty1 t ty1
s s

) )½ 1qgS btS y1 R&DŽ .Y Dt t

and hence uniquely determined by the level of human capital in the economy.
Imposing the steady state condition,S sS sS, allows us to depict thety1 t

Ž .relative labor demand functions in thev,S space. Labor demand is downward
sloping if LBD is the source of technical change.20 However, when deliberate
R&D effort is used in the economy, the labor demand becomes log concave and
intersects the horizontal axis atSs0 and Ss1. The demand for labor under
R&D is initially upward sloping since more researchers raise the marginal product
of skilled labor in outputand allow for more R&D, which again improves the
productivity of skilled labor in production. Demand cannot be upward sloping
throughout, since unskilled labor eventually becomes sufficiently scarce to exert
downward pressure on the relative wage.

19 Stability and existence are also proven in Appendix B.
20 Ž . w x Ž . 2From Eq. 12 ,EvrES-0 for Ss0, andEvrES-0 for all Sg 0,1 if g-4 1qa ra .
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R&D labor demand reaches its maximum at a level of the skilled labor supply
˜ 2 1r2ŽŽ . ŽŽŽ . . . .Ss 1ya y1rgq 1ya y1rg y8arg r4. This implies that in-
creased productivity in learning,g , prolongs the upward sloping section of the
relative demand curve, since more skilled workers generate sufficiently greater
technological change to justify prolonged relative wage increases. A higher

Ž .elasticity of substitution between skilled and unskilled that is, a lowera , has the
same effect, as it slows down the rate at which the scarcity of unskilled labor
reduces the relative wage.

The intersection between the LBD and R&D labor demand curves implies a
development threshold. No R&D is undertaken until the productivity of skilled
workers in the R&D regime starts to exceed that in the LBD regime. The critical

˜ Žlevel of skilled labor necessary to equalize the productivities isSs 1y
.1qat rbt . This shows that the development threshold decreases in the productiv-

ity of researchers and in the tax rate.21 An economy with more productive
researchers thus finds deliberate R&D rewarding for lower levels of skilled labor.
Equivalently, an economy that diverts a greater share of income to finance
research allocates a relatively larger share of its skilled labor force to the R&D
sector, which renders R&D attractive at lower levels of development.

Ž .Proposition 2 Labor Demand . Research requires an adequate quantity of
sufficiently productiÕe skilled workers, else the country must rely on pure learn-
ing-by-doing to deÕelop new technologies. Both learning and research are skill
intensiÕe. RelatiÕe demand for skilled labor increases in the learning productiÕity,
g , in the funding for research, t , and in the productiÕity of skilled workers in
research b .
Labor demand is downward sloping and log concaÕe under learning and R&D,
respectiÕely. Greater learning productiÕity, g , or higher elasticity of substitution
between skilled and unskilled, f , prolong the upward sloping segment of the
relatiÕe demand curÕe under R&D.
The switch from learning to deliberate R&D occurs earlier if the share of income
deÕoted to financing research, t , and the productiÕity of researchers, b , in-
creases.

The aggregate labor demand function is a tiltedS shape as seen in Fig. 1. The
figure shows three distinct phases of development. The examination of each phase
establishes intuition for the tiltedS shape of the economy-wide labor demand. In
the early stages of development, the stock of skilled is small and LBD is the only

21 Alternatively, the government could choose to start doing research when the stock of skilled labor
is high enough to make the output of the R&D sector equal to that obtained under learning-by-doing.

˜Ž . Ž .From Eqs. 8 and 9 , this occurs whenS is Ss1rbt)S. If this were the threshold at which R&D
starts, none of the results in Propositions 2 and 3 would change, the only difference being that there
would be a discontinuity in the steady state demand function.
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Fig. 1. Labor demand.

form of technical change. At this stage of development, unskilled workers are
relatively productive in the final goods sector, compared to skilled labor and the
positive effects of technological change are weak. Thus, the labor supply effect
dominates and more skilled labor is associated with lower relative wages.

Economies that are more technologically advanced and that possess a suffi-
Ž .ciently large stock of skilled labor phase two surpass the development threshold

and switch endogenously to a dedicated R&D sector. At this stage of develop-
ment, the active R&D sector produces significantly greater technical change,
causing the technology-driven demand for skilled labor to outweigh the labor
supply effect. Hence, due to the strong technology–skill complementarity in
production, the relative wage initially risestogether with the stock of skilled
labor.

Ž .Countries in advanced stages of development phase three find that the
increasing scarcity of unskilled labor exerts ever-stronger downward pressure on
the relative wage to mute the effects of skill-biased technical change. To rule out
an equilibrium where all workers in the economy invest in skills, the relative wage
declines to zero as the number of skilled workers approaches unity. Once labor
supply is added, these three stages of development will be associated with three
possible equilibria.

4. Human capital, inequality and growth

4.1. Possible equilibria and wage profiles

It is convenient to examine the possible equilibria and wage time profiles in
Ž .Fig. 2 a–e . These figures depict the steady state labor demand and labor supply

functions, hence the intersections between the two represent possible steady state
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Ž . Ž . Ž . Ž .Fig. 2. a Rising inequality. b De- and increasing inequality. c Decreasing inequality. d Unique
Ž .R&D equilibrium. e Unique LBD equilibrium.

equilibria. Note, however, that the economy is always on the labor supply
function, as it represents the wage required at timet given the supply of skills in
that period. Hence, the development process will consist of movements along this
curve until a steady state equilibrium is reached.

Four classes of equilibria can be identified. The first two categories consist of
Ž . Ž .equilibria Fig. 2 a and c , where greater levels of human capital and growth are

Ž .associated with monotonic increases decreases in inequality. Two conditions
combine to allow declining relative wages to be associated with equilibria that
feature successively higher growth rates. The first condition is a prolonged decline
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of the labor supply function; the second, an early decline of the relative demand
for skilled labor under the R&D regime. A strong externality in education allows
for the former, while a low degree of substitution and low learning productivity
accomplishes the latter. The two conditions that combine to generate increasing
relative wages are exactly opposite to those necessary for the previous case. A

Žshortened decline of the labor supply function due to a weak externality in
.education and a late decline of the relative demand for skilled labor under the

ŽR&D regime because of a high degree of substitution and great learning
.productivity suffice.

Ž .A third pattern of inequality is shown in Fig. 2 b . Here the relationship
between inequality and growth reverses as the endogenous stock of skilled labor
increases. A low growth equilibrium is associated with low equality, a medium
growth equilibrium shows increased equality, but the high-growth equilibrium
finally exhibits high levels of inequality. This situation is observed for intermedi-
ate values of the externality in education, the elasticity of substitution, and the
extent of LBD.

Ž . Ž .Finally the fourth class of equilibria is shown in Fig. 2 d and e . In both cases,
Ž .the economy exhibits a unique equilibrium with without R&D. Each equilibrium

Žis attained independently of the initial conditions. If R&D is conducted Fig.
Ž ..2 d , the country moves toward the unique stable equilibrium by skipping the

pure learning stage in its entirety. If, instead, the economy converges to the pure
LBD equilibrium, R&D is never performed, no matter how great the initial level
of skilled labor may have been. The existence of unique equilibria depends on the

Ždirect cost of education,r, the externality in education,s , increases ins or
decreases inr shift the labor supply function down to rule out the LBD

. Žequilibrium , and on the productivity in research,b, which not only shifts the
˜labor demand, but also reduces the development threshold,S, and renders R&D

.attractive at lower levels of human capital . We can summarize these findings and
state in conjunction with Appendix B:

Ž .Proposition 3 Inequality and growth .The economy exhibits, at most, three
equilibria.
( ) ( ) ( )a Sufficiently low high costs of education coupled with strong weak externali-

( )ties in education and high low research productiÕities generate unique, stable
( )high-growth poÕerty-trap equilibria.

( ) ( ) ( )b Sufficiently strong weak externalities in education and low high degrees of
substitution between skilled and unskilled in production generate multiple equilib-

( )ria that exhibit monotonically decreasing increasing inequality.
( )c Intermediate Õalues for the education externality and for the elasticity of
substitution in production imply initially declining inequality along the deÕelop-
ment path, but eÕentually rising inequality as growth and human capital accumu-
lation increase sufficiently.
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4.2. Significance of the results

Research productivity and the direct cost of education are crucial for determin-
Ž .ing not only the character of an equilibrium high-growth or poverty-trap but also

whether multiple equilibria can exist. A country with low costs of education and
high R&D sector productivity may skip the pure LBD stage in its entirety and
move to a unique R&D equilibrium, independent of the initial human capital
stock. High direct costs of education, in contrast, and low research productivity,
makes it unlikely for countries to surpass the LBD stage. Intermediate ranges of
these parameters imply multiple equilibria that occur in triplets of low, medium
and high-growth.22

If multiple equilibria are observed, the externality in education and the elastic-
ity of substitution between skilled and unskilled determine the relation between

Ž .successively higher growth equilibria and the relative wage. High low externali-
Ž .ties in education and a low high substitutability of skilled and unskilled workers

in production generate equilibria where successively higher growth rates are
Ž .associated with ever-lower greater inequality. Multiplicity results in poverty

traps, where countries are trapped in a no-R&D equilibrium, even though a
high-growth equilibrium would be feasible for the economy’s parameter values.
Only if the initial stock of labor exceeds the level associated with the unstable,
middle equilibrium, does the country converge to the stable R&D equilibrium. If
the initial level of skilled labor is not sufficiently high, the country reverts to the
development trap in which only LBD generates technical change. With multiplic-
ity, history matters dramatically, as initial conditions determine whether the
country finds itself with an active research sector or not. It renders development
path-dependent, since countries with similar technological parameters may now
gravitate to either the low or high-growth equilibrium.

Multiplicity emerges as the result of two features of our economy: skill-biased
technical change and the fact that new knowledge is generated by skilled labor.
Essentially, a greater supply of skilled workers accelerates technical change, which
in turn increases the relative demand for these workers in order to absorb the new
technology. Because demand is high, there are enough incentives to invest in
education and the greater stock of skilled labor is supported by equilibrium wages.
The economy thus finds itself in a virtuous cycle. Alternatively, the economy can
be stuck in a low-growth trap, where a low relative wage, caused by the fact that
slow technical change implies a small demand for educated labor, generates few
incentives to further invest in skills. These features of the model thus formalize

Ž .Tinbergen’s 1975 hypothesis that the pattern of relative wages along the devel-

22 In the case of multiple equilibria, Appendix B proves that only the odd numbered equilibria are
stable.
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opment path depends on the strength of the demand for skills exerted by
technology and the supply of skills generated by education.

Ž .Unlike in Shell 1967 who modeled the public provision of technology, an
increase in publicly funded R&D expenditures does not unambiguously increase
economic growth. As in previous models that incorporate productive government

Ž .spending e.g., Barro, 1990 , the tax in our model has two opposing effects on
growth. Higher taxes affect the provision of new productive technology, but also
present additional disincentives to accumulate the crucial resource that drives
economic growth: human capital. Because revenues are generated through a tax on
skilled wages, a change in the tax rate affects both the supply and the demand for
skills. A higher tax rate increases theproportion of educated workers employed in
the research sector, thus raising the rate of technical change and shifting upwards

Ž .the labor demand function see Proposition 2 . At the same time, a higher tax
reduces the net income of skilled workers. The incentives to invest in skills are
diminished and thestock of skilled workers falls, shifting downwards the labor

Ž .supply see Proposition 1 . Consequently, the total number of researchers, and
hence the growth rate, may be greater or smaller than under the lower tax rate. In
other words, if research expenditures are financed through a progressive labor
income tax, a higher tax rate may reduce R&D expenditure because of its effect
on the supply of researchers.

It is important to note the role played by the functional forms of the technology
generating functions in our results. The implications are remarkably robust,

Ž .however; even if LBD is absentgs0 , the qualitative results can be replicated.
In this case, the labor demand function simply shifts downward, and the possibility
of attaining multiple steady states is preserved. If, however, deliberate R&D is
absent from the model, labor demand slopes downward and multiple steady states
can be ruled out. If R&D were absent but the rate of LBD increased in the stock

Xw xof skilled labor,g S )0, then sufficiently large spillovers from skilled labor to
learning would exert upward pressure on the labor demand, to generate qualita-
tively equivalent equilibria in the propositions discussed above.23

Aside from alternative specifications of the R&D function, there exists an
extensive literature on the impact of openness on a country’s technological

Ž . Ž . Ž .capacities. Van Elkan 1996 , Lai 1995, 1998 , as well as Eicher 1999a,b , have
shown that international diffusion or imitation add additional dynamics that may
inhibit or accelerate catch-up to the world technology frontier. While a complete
analysis of the issue of international trade is beyond the scope of the paper, we
conjecture that the same dynamics may influence the above model to affect the
selection of a particular equilibrium.

23 Xw xg S )0 does not receive support in the literature, however, because it would imply accelerated
Ž . Xw xrates of technical change in the past century see Jones, 1995 . Hence we maintaing S s0 and

introduce deliberate R&D.
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5. Conclusion

There is no clear empirical regularity that describes the evolution of inequality
along the development process, either within or across countries. Recent dual-
economy models have provided a possible explanation. Expanding the original
Kuznets argument to allow for intra-sectoral inequality, yields the possibility of

Žinequality patterns different from the traditional inverse-U shaped relationship see
.Anand and Kanbur, 1993b; Fields, 1993 . This paper has presented an alternative

mechanism based on the dual role of human capital. We have argued that the stock
of educated workers in an economy determines both the degree of income
inequality and the rate of growth, and that the parameters of the demand for and
the supply of labor are crucial determinants of whether inequality increases or
decreases as an economy accumulates human capital.

The driving force of the model is a production function where the relative
productivity of skilled to unskilled labor changes with the rate of technical change.
New technologies are in turn generated by skilled workers, which implies that the
relative demand for labor, and hence the skill premium, are not monotonically
decreasing in the stock of skills in the economy. When we pair this demand
function with a supply of labor function, we find, first, that multiple equilibria are
possible, and, second, that as a country accumulates skills, inequality may
increase, decrease, or follow a U-shaped path. The trajectory followed by a
particular country will depend on the direct cost of education, the extent of
externalities in the education process, and the elasticity of substitution between
skilled and unskilled workers in production.

Of course, we make no claim that this is the only, or even the main,
determinant of inequality. We simply believe that it is an important part of the
story. This is particularly so, given that theAsourceB of growth seems to have

Ž .changed substantially. In the words of Williamson 1991, p. 90Athe mode of
accumulation in the nineteenth century appears to have been much more heavily
directed towards conventional capital formation, while the mode of accumulation
in the twentieth century seems to have been much more heavily directed towards
human capital accumulationB.
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Appendix A. The intermediate good sector and capital accumulation

New technologies for intermediate goods are public goods generated either via
Ž . Ž .LBD or via tax-financed R&D. Differentiating Eq. 1 with respect ton i , the

Ž . Ž .yd ydinverse demand function for goodi, is p s 1yd n i H . Intermediatei t t t

goods last for one period, and one unit of capital,k, is required to produce one
unit of intermediate good. Production cost is thus 1qr , where r is the interestt t

rate. Perfect competition implies marginal cost pricing, hence the amount of good
Ž .) Ž .ydi produced att is n i s 1ydr1qr H , which is the same for all types oft t t
Ž .) )intermediaries, i.e.n i sn ; i. The aggregate stock of capital is thenK 't t t

n)D .t t

Since individuals work when young and consume when old, all net labor
Ž . u 1 wŽ . S

)income is saved, and total labor income is given by 1yS w qH 1yt w yt t a t
ys u x S urS w ra da. Integrating, and sincew sv w , we can express savings ast t t t t

1
u ) u ys uZ s 1yS w q 1yt 1ya v w yrS log w .Ž . Ž . Ž .t t t t t t t t

)at

Ž .Substituting for the relative wage from Eq. 6 and using the fact that the
unskilled wage is given bywusd n1ydH dqaUyay1D , we havet t t t ty1

Ž .1yd rd1ydyay1Z sd 1ySŽ .t t ž /1qrt

=
S 1t1qa ysH D 1qrS y log .t ty1 t ž /1yS 1ySt t

Capital market equilibrium requires that total savings be equal to the aggregate
capital stock, that isK sZ , which impliest t

a S 1tyay1 ys1qr 1yS 1qrS y logŽ . Ž .t t t ž /1ya 1yS 1ySt t

DtyasH .t Dty1

ŽThe right-hand side of this equation is a function ofS and S through Ht ty1 t
.and D rD , respectively . SinceS is given andS is determined by the labort ty1 ty1 t

Ž .market equilibrium that does not depend onr see below , this equation definest

the equilibrium interest rate at timet as a function of the current and the previous
period’s supply of skills.
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Appendix B. Existence and dynamic behavior

Define
1qa1 r St

C S ' 1q .Ž .t sž / ž /1yt 1yS S 1ySŽ .t t t

ŽSubstituting the inverse supply function into the labor demand functions Eqs.
Ž . Ž ..12 and 13 , we obtain the first order difference equations that govern the
dynamics of the stock of skilled labor in the economy for the LBD and R&D
cases, respectively:

1qgS sC S , A2.1Ž . Ž .ty1 t

Sty1
1qgS sC S . A2.2Ž . Ž . Ž .ty1 t

S̃

B.1. Part I: Dynamics of the equilibria

Differentiating, we have

EC r 1qays q 1qa 1yS Ssqr 1qs S SqaysŽ . Ž . Ž . Ž .t t t t
s .3qaES 1ytŽ . 1ySŽ .t t

Note that 1qaGs is a necessary and sufficient condition forECrES )0 int
w x Ž . Ž .the interval 0,1 . Since the left-hand sides of both Eqs. A2.1 and A2.2 are

increasing in S , the restriction 1qaGs implies that ES rES )0 bothty1 t ty1

under LBD and R&D.
In order to examine the dynamics of the model, we depict the right- and

Ž . Ž .left-hand sides of Eqs. A2.1 and A2.2 graphically in Fig. 3. Under the
Ž .assumption 1qaGs , the functionC S has the following properties:t

Ž . w xi ECrES )0 in the interval 0,1 ,t
Ž . Ž .ii C S is first concave and then convex,t
Ž . Ž . Ž .iii C S s0 s0 andC S s1 s`,t t
Ž . Ž .iv higher values ofr and s shift C S upwards.t

Ž .During the LBD phase, the left-hand side of Eq. A2.1 is a linear function of
Ž .S , f S '1qgS . The LBD equilibrium occurs at the value ofS, for whichty1 ty1 t

Ž . Ž . Žf S sC S . The two functions always cross once further intersections arety1 t
Ž . 2.ruled out by the assumption thatg is not too large, i.e.g-4 1qa ra . Only if

˜the intersection occurs for a value ofS less thanS does the LBD equilibrium
Ž .exist. In the R&D phase, the left-hand side of Eq. A2.2 is a convex function of

˜Ž . Ž . Ž . Ž .S , h S 'S 1qgS rS. The functionsh S andC S cross eitherty1 ty1 ty1 ty1 ty1 t
Ž .twice or not at all in the interval 0,1 . If these intersections exist, they will only

˜be an equilibrium if they occur for valuesS greater thanS.ty1
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Fig. 3. Stability.

There can thus exist three possible equilibria: a low-growth trap in the LBD
phase and a pair of equilibria in the intermediate and advanced development
phase. Fig. 3 represents these three possible intersections. It is straightforward to
assess the stability of the equilibria, if they exist, from the figure. We can see that
the LBD equilibrium will be stable, while in the R&D phase, the first equilibria
will be unstable and the second one stable.

B.2. Part II: Existence of the equilibria

Fig. 3 allows us to examine when the various equilibria would exist. A
Ž .condition for the existence of the LBD equilibrium R&D equilibria is that the

Ž . Ž .direct cost of education be high low enough see below . A reduction in the cost
Ž .of education shifts downC S . Hence, for very lowr, the LBD intersectiont

˜occurs to the right ofS and the LBD equilibrium does not exist. A very high cost
Ž . Ž .of education implies that the functionsC S and h S do not intersect, and thet ty1

ŽR&D equilibria do not exist. Similarly, a strong education externality low value
. Ž . Ž .of s shifts downC S , implying that a sufficiently weak strong externality ist

Ž .required for the LBD equilibrium R&D equilibria to exist. A high research
˜Ž .productivity,b, makes theh S function steeper and moves the thresholdS to the

) ˜left. As a result, the intersectionS occurs for a value ofS greater thanS and theL
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low-growth equilibrium does not exist. A low value ofb implies that the
) ) ˜intersectionsS and S occur for a value ofS smaller thanS and the mediumM H

and high-growth equilibria do not exist.
It is not possible to obtain precise existence conditions for the equilibria from

the differential equations governing the behavior ofS . However, we can obtaint

such conditions from the steady state supply and demand functions. By inspection
Ž .of the demand and supply functions as depicted in Fig. 2 a–e , we can state the

following properties:
Ž .a A necessary condition for the existence of multiple equilibria is that the

labor demand function has an upward-sloping section. This will occur if the
intersection between the two wage demand curves occurs before the maximum of

˜ ˆthe log concave curve. That is, ifS-S, which implies

1r221qa
g 1yt 1ya gy1q 1ya gy1 y8agŽ . Ž . Ž .Ž .Ž .

- .
b t 4

A2.3Ž .
Ž .b The necessary conditions for existence of a LBD equilibrium are

Ø the labor supply must lie below the steady state labor demand curve atSs0,
which for 1qaGs always holds, and

Ø the labor supply must lie above the steady state labor demand curve at the
˜point where LBD ceases,S. This condition can be expressed as

1qa˜1yS
s˜ ˜ ˜r) 1yS S 1qgS 1yt y1 . A2.4Ž . Ž .Ž . Ž . ž /˜ž /S

Ž .c The necessary condition for the existence of an R&D equilibrium is that the
labor supply function be below the steady state labor demand function at some

ˆŽ .point in the interval S,1 . A sufficient condition for this is that the supply function
be below the demand function at the maximum of the latter. That is,

1qaˆ ˆ1yS S
sˆ ˆ ˆr- 1yS S 1qgS 1yt y1 . A2.5Ž . Ž .Ž . Ž . ž /ˆ ˜ž /S S

Ž .These three conditions have intuitive interpretations. Eq. A2.3 says that in
order to have multiple equilibria, the difference between the productivity of R&D
and that of LBD must be large enough relative to the elasticity of substitution
between the two types of labor. That is, the behavior of the economy on the two

Ž . Ž .phases must beAdifferent enoughB. Eqs. A2.4 and A2.5 imply that the direct
Ž .cost of education determines the possible type of equilibria. A LBD or low-growth

equilibrium exists only if the cost of education is sufficiently high, relative to the
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externality and the productivities of skilled labor in generating technological
change. Similarly, an R&D equilibrium exists only if the direct cost of education
is sufficiently low. Intuitively, this means that if education is very cheap, no
economy will be locked into a low-growth trap, while if it is very expensive, no
economy will be able to reach a high-growth equilibrium. Also, a high productiv-

˜Ž . Ž .ity of researchersb which raisesS and a strong externality i.e. a lows
Ž . Ž .increase the right-hand side of both Eqs. A2.4 and A2.5 , making it less likely

for a LBD equilibrium and more likely for an R&D equilibrium to exist.
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