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1. Introduction

The contemporary debate on the causes and consequences of skill-biased technical change has
been documented econometrically and empirically for many countries in recent years. The
direction of the explanations differs widely from trade with low-wage countries (Wood, 1998)

and trade between the US and the European Union countries (Davis and Reeve, 1997) to simply
‘blaming’ technical change (Krugman, 1995). However, solutions to the problem are not offered
very often and are mostly not considered in a thorough manner. The OECD (1998) for example
only states that investment in human capital and upgrading of skills will offer a solution to the

weak position of low-skilled workers in its member countries without specifying specific action.

This paper is based on some recent work (Acemoglu, 1998 and Hollanders and Ta9@8el,

and considers in a theoretical fashion the consequences of skill-biased technical change by
modeling technical change in such a manner that skilled workers profit relatively more from the
technical advancement than unskilled workers. This is done by elaborating first on the insights
in the literature available in this particular field iroaomics and then by building a model to
explain and explore skill-biased technical change. The way of modeling skill-biased technical
change applied here has recently been applied by Acenid&ifi8)(and is referred to by him as
‘directed technical change’. However, Acemoglu uses only two types of skills: skilled and
unskilled workers. Moreover, his model is not able to give general equilibrium properties in a
long-run steady-state solution, which are necessary to develop policy measures to solve the
problem. The approach developed in this paper considers a general equilibrium model with
heterogenous labor in a continuum of skills ranging from no skills to a certain ‘maximum level’
of skills. The heterogeneity of the individuals populating this economy does already exist upon
birth, i.e. every individual is born with some ability or talent which can be developed during his
life. This framework is discussed in terms of a dynamic approach to the changing skills profile

over time.

Firms in this economy divide their time between investing in knowledge creation to enhance their
product and production process (it is assumed that there is only one product in this economy) as

to become more efficient and in that way obtain a higher level of profits. Firms employ labor and
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of course prefer relatively skilled labor over relatively unskilled labor. This provides a positive
feedback loop of investment decisions which gives individuals an incentive to invest in human
capital, since more products or more advanced products go hand in hand with a higher level of

lifetime utility.

The framework considered makes it relatively more complex to model the exact implications of
technical change for different groups in society because it steps outside the representative agent
framework. However, despite this complexity the model provides a more realistic picture of the
dilemmas and problems governments face to come up with a solution for this perturbing problem

of inequality.

The plan of this paper is the following. First an overview is given of the literature on the different
kinds of technology and technical change used in several contributions by a wide variety of
scholars in the field of economic growth. This is linked to the debate on skill-biased technical
change is such a manner that it gives a clear picture of the different explanations of skill-biased
technical change. In the third section a model of skill-biased technical change is build and
explored. Section 4 discusses optimal government policy along the lines of the framework and

conclusions developed in Section 3. This paper ends with some concluding remarks.



[1999] On Endogenous Growth, Wage Inequality and Government Intervention 3

2. Overview of the Literature on Skill-Biased Technical Change and Technology

The literature on technical change is already considered in an elaborate manner many times. E.g.
Aghion and Howitt (1998a) provide an overview and extensions of the Schumpeterian insights
formalized in new growth theory, which is initiated in Nelson and Winter (1982) and Dosi,
Freeman, Nelson, Silverberg and Soete (1988). Segerstrom, Anant and Dinopoulos (1990)
provide in this regard a model of sustained growth as arising from a succession of product
improvements and Aghion and Howitt (1998a) based on Aghion and Howitt (1992) show a wide
variety of growth paths through ‘creative destruction’ in both goods and labor markets and are
able to describe the process of innovation and (human) capital accumulation in a comprehensive
manner. Barro and Sala-i-Martin (1995) provide both a theoretical and empirical approach to the
early Solow-Swann models of exogenous growth to the modern theories of endogenous growth.
Schneider and Ziesemer (1995) provide in this regard a richer analysis of the theoretical models
of growth. These authors consider a wide variety of views on the growth process ranging from
the Solow-Swann model and the pioneering contribution of Arrow (1962) to the evolutionary
models brought together in Dosi et al. (1988). Harberger’s ‘vision of the growth process’ is
determined by considering many empirical studies and estimating total factor productivity in
many sectors. His approach rests on five pillars of growth: (i) the rate of increase in the stock of
human capital; (ii) the increase in the capital stock; (iii) the rate of return which that investment
will yield; (iv) the rate of increase in the labor force; and (v) real cost reductions stemming from
many different sources (Harberger, 1998). Lucas (1993) introduces a growth puzzle of the
Philippines and South Korea in which differences in schooling and technology policy might be
explanatory variables as to how, given the nearly identical starting points, it is possible that South
Korea ‘made a miracle’, on average annual GDP per capita grew by 6%, while the Philippines
stagnated at about 2%. He finds the answer in a neoclassical framework with a strong focus on
technology, while Bénabou (1996) suggests that the answer to the puzzle may lie outside the
representative agent framework by noting that the Gini-coefficient was much higher in the
Philippines than in South Korea indicating that initial inequality has negative effects on the
performance of a country. Hollanders and Ter Weel (1999), following Azariadis and Drazen
(1990) and Redding (1996), suggest that theédpmes might be caught in a low-development

trap, while South Korea observed a high-development path over the past decades. Higher levels
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of technology policy and more advanced schooling methods might be an answer as to why South
Korea grew so fast, while the Philippines observed a relatively low rate of economic growth.
Finally, Verspagen (1992), in his review of new growth theory, pays special attention to the role
of government in the process of economic growth. He concludes that the role of the government
is poorly represented in most of the models on endogenous growth. Romer (1993), Weder and
Grubel (1993) and Soete and Ter Weel (1999) provide in this regard strong cases for the

implementation of technology policies to enhance innovation and economic growth.

Starting from Arrow (1962), the ancestor in the founding works of endogenous growth theory,
economists have formalized and endogenized neoclassical growth theory based on two factors:
capital and homogenous labor. However, the channels through which this should be achieved
differ widely. In addition the measures of technology show a diverse pattern too. Arrow (1962),
King and Robson (1993), Stokey (1988), Yang and Borland (1991) and Young (1991), (1993a)
and (1993b) all use learning by doing. Grossman and Helpman (1989) and (1991a) and Judd
(1985) use new varieties of consumer goods, whereas Aghion and Howitt (1992) and (1998a),
Grossman and Helpman (1990) and (1991b) and Romer (1987) and (1990) use new varieties of
factors. Intergenerational technology transfers are used as a content of technology by Prescott and
Boyd (1987) whereas Becker, Murphy and Tamura (1990) and Rebelo (1991) use household’s
knowledge; firm’s knowledge is used in Ziesemer (1991). Lucas (1988) and Romer (1986) use
private knowledge spillovers in their endogenous growth models, while Acemoglu (1998) and
(1999) and Goldin and Katz (1998) point towards capital-skill complementarity inducing
technical change. Finally, Helpman and Trajtenberg (1998a) and (1998b) track the effects of a
new General Purpose Technologies (GPTs) on macroeconomic aggregates and consider the
process of a new GPT diffusion. The main finding of the approach is a view of the growth
process in which the notion of increasing returns underlying new growth theory can be explained
by the fostering complementary advances induced by new GPTs. Aghion and Howitt (1998b) and
Howitt (1998) argue that the Helpman-Trajtenberg-model is incomplete and introduce social
learning into the model. Harris (1998) by applying the theoretical framework of GPTs to the

Internet, finds that, due to the introduction of the Internet, virtual mobility of mostly skilled

! See for an elaboration on and alternative explanations of Lucas’ growth puzzle and the factors underlying the
growth performance in more than 200 countries Hollanders, Soete and Ter Weel (1999, Part C).
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labour increases resulting in a wage premium to skilled labour. Murphy, Riddell and Romer
(1998) investigate this result empirically for Canada and the US and conclude that new GPTs are
relative complements with more educated labour, which is closely related to the thesis that
machinery and new technologies harm low-skilled workers. Rosenberg (1998) suggests that the
notion of a GPT has to be broadened to include intellectual methodologies, such as in chemical
engineering, which may bring to the forefront valuable new insights into the underlying
determinants of technical change and the diffusion of GPTs. Lipsey, Bekar and Carlaw (1998a)
and (1998b) focus on the consequences of changes in GPTs by particularly stressing the debate
between the Helpman-Trajtenberg and Aghion-Howitt-model. By building a structuralist model,
including alongside the neo-classical components technology and policy variables, they argue
that it is the structure of technology systems which should be focussed on. According to these
authors structural issues are the core of an understanding of growth as driven by technical change.
Bresnahan and Gambardella (1998) examine the division of inventive labour and the extent of
the market. They endogenize the arrival of GPTs, which was assumed to be exogenous in the
models of Helpman and Trajtenberg and Aghion and Howitt. They find a self-enforcing loop of
inventions induced by increasing specialization of knowledge and diverse markets in which new
GPTs continue to contribute to growth, and most importantly that growth continues to permit

their invention.

This and other notions have led to the fact that the economic’s profession recognized that when
new technologies are introduced in the production process, or when technical change is
incorporated in an economic model, this reduces the demand for low-skilled labor relative to the
demand for high-skilled labor. In general the rationale for this argument is that high-skilled labor
and capital are complements, whereas high-skilled labor and low-skilled labor are substitutes,
e.g. many routine assembly activities are replaced. In Griliches’ pioneering contribution
(Griliches, 1969) this complementarity is due to the relative decline of the price of capital, while
Denny and Fuss (1983) attribute this issue to the specific effects of technical changes. Murphy,
Riddell and Romer (1998) discuss it empirically for Canada and the US. Their conclusion is that
new technologies are relative complements with more educated labor. From this perspective, as
noted recently in a growth model by Acemoglu (1998) and investigated in a historical perspective

by Goldin and Katz (1998), human capital and technology are two faces of the same coin, two
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non-separable aspects of knowledge accumulation. Finally, km®atedged that high-skilled
workers adapt more easily to changing technologies than their low-skilled colleagues; e.g. the
computer revolution increases the productivity of high-skilled workers more than the productivity

of low-skilled workers, leading to wage dispersfon.

This idea is obviously closely related to the discussions on skill-biased technical change and
(wage) inequality - cf. Juhn, Murphy and Pierce (1993). Since a higher proportion of skilled
workers in the labor force implies a large market for high-skilled technology, an increase in the
supply of skills induces skill-biased technical change, as a result of the employment of these
skilled workers, despite rising relative wades. In thenemetric literature concerning the
impact of technical change on employment and wages, much evidence has been brought together
highlighting the reduction of the demand for low-skilled labor relative to the demand for high-

skilled labor.

The debate on the wage premium on skills and knowledge due to new technologies at the
individual level has been initiated by an influential study of Krueger (1993), but the evidence

from several studies is not conclusive. Krueger shows that in the US the use of computers
brought the workers surveyed a wage premium of some 15%. Such a premium could be attributed
either to an increase in productivity or to user’s personal characteristics, which led them in all

cases to receive significantly higher wages. Krueger favors the first explanation, even though
cross-section data did not allow for such conclusions to be drawn. By contrast, Entorf and

Kramarz (1997) show for France that workers using computers did already receive a higher wage
before they started using one. Moreover, DiNardo and Pischke (1997) - in a critical assessment
of Krueger’s results - observe for Germany that the use of pencils has a similar effect on the wage
rate as computer use has. Only Bell (1996), using a sample of one thousand individuals finds a

net increasing effect on wages for those using computers at work. Other empirical work carried

2 Acemoglu (1999) enters this debate by referring to the impact of international trade on wage inequality, while
Wood (1998) and Francois and Nelson (1998) refer to the increasing effects of globalization and the subsequent
new opportunities for trade as a major cause of (wage) inequality.

% See e.g. Berman, Bound and Machin (1998) and Machin and Van Reenen (1998) for recent empirical evidence
in this regard and Acemoglu (1998) and (1999) and Aghion and Howitt (1998a) for an elaborate theoretical
framework.
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out by e.g. Baldwin, Divery and Johnson (1995) for Canada, Bellman and Boeri (1995) for
Germany, Vainiomaki and Laaksonen (1995) for Finland, Entorf and Kramarz (1997) for France,
Bruinshoofd and Ter Weel (1998) and Bruinshoofd, Hollanders and Ter Weel (1999) for the
Netherlands, Chennells and Van Reenen (1997) and Hildreth (1998) for the UK and Bound and
Johnson (1992), Doms, Dunne and Troske (1997) and Juhn, Murphy and Pierce (1993) for the
US find that there exists in general a technology wage prefhium. However, the measures of

technology differ widely and it is therefore hard to compare the results of all these studies.

This overview points towards the importance of the complementarity of skill accumulation and
technical change, indicating a particular direction of technical change. The remainder of this
paper builds an endogenous growth model to show the effects of skill-biased technical change

on wages and its consequences on the wage distribution.

4 See also e.g. Autor, Katz and Krueger (1998), Bartel and Sicherman (1995), Heckman, Lochner and Taber (1998),
Heckman and Sedlacek (1985), Katz and Murphy (1992), Meghir and Whitehouse (1996) and Nickell and Bell
(1995) and (1996).
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3. A Model of Skill-Biased Technical Change

Consider a closed economy with competitive markets populated by a large number of
heterogenous Ramsey consumers. These consumers have standard, discounted, constant elasticity

preferences resulting in the following utility function

U——e® 1)

where the discount rateand the coefficient of relative risk aversimare both strictly positive.
C,sis defined as the amount of consumption of persath skill levels at timet. The skill level

sis assumed to be uniformly distributed over a rasges|. Moreover, every individual in this
economy has a different skill level, which can be viewed as the ability this individual is born with

at timet=0. Hence, for each skill level there exists only one indivielual.

Capital accumulation is defined as net income minus consumption:

Kt,s - (1fr)rth,s * (17T)Wt(17us)Ht,s B Ct,s (2)

wherert is a capital income tax for both physical and human capiialthe return on physical
capitalK, ; at timet, w, the return on human capitdl , andu iis the amount of time spent to
acquire additional human capital; (J-is the amount of time spent to produce output. This
budget constraint implies that all wealth generated - or all savingmmiediately transformed

into physical capital.

Accumulation of human capital is assumed to be skill-biased since individuals with a higher skill

level profit more from technical progress than individuals with a lower level of skills. Acemoglu

5 Most models in the literature divide the labor force in a skilled and unskilled segment, following the properties
first stated in McDonald and Solow (1986). The results of these approaches are often crowding-out of unskilled
labor due to the fact that unskilled labor and capital are substitutes while skilled labor and capital are assumed to
complement each other. The latter induces an engine of growth which leads to a large dispersion in wages and
results in inequality in society.
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(1998) and (1999) refers to this fact as ‘directed technical change’ in favor of skilled labor.
Equation (3) states that individuals with a higher skill level profit exponentially from an increase

in technical progresa,

I_.lt,s:AtSusHt[,SSBtY B th,s (3)

with 0 < <1 and 0 ss< 1.y, is the time spent to accumulate human capital and p is the
exogenous rate of depreciation of human capital. Throughout this paper however, no depreciation
of skills or human capital is assumed, i.e. uBQis knowledge provided publicly by the
government, whereds is provided privately as a result of the R&D process firms are engaged
in, and it is assumed that no public action is taken to directly influence the supply of private
knowledge. The stock of public knowledge is enhanced at some costs collected by the

government in the form of capital income taxescf. equation (2).

Now, maximizing utility, subject to the budget constraint defined by equation (2) and human

capital accumulation as in equation (3), leads to the following Hamiltonian

1-0
Cis -1 ~pt S HPRY_ _ _ _ _
e P+, (ACUH/ B, th’S)+kz((1 K o+ (L-tW(1-UuJH, ct,s)

1-0

Q-

Solving this problem results in a standard Euler equation for individugh skill levels:

=P @

where the after-tax return on capital)t-s assumed to exceed the discountgata the steady
state the rental ratehas to be constant because the growth of the marginal product of capital
equals zero by definition. Appendix A provides the mathematical proof for these results and

properties.

Optimizing with respect téi, ; yields the growth rate of human capital which depends both on

the growth rates of private and public knowledge accumuladiamdB,, respectively:
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A \ +y|§
Ht,s—SAl‘B t (5)

Equation (5) is of central importance to our analysis because this equation shows that public
knowledge accumulation adds an unbiased amount of human capital to the individual’s existing
human capital stock. This equation also indicates that private human capital accumulation is

biased and depends on the skill levah individual incorporates.

In order to compute the overall level of human capital we must add up all individuals. Since the

impact of skills is normalized, Appendix B shows that this leads to

1 AyBYU-p) __ (vyBYr(1-p)
_ _(1-B)[e ' -e " ]
H, = th’SdS— — (6)
0 tA,

Now, some straightforward algebra show that the steady state growth rate of the overall level of

human capital converges to

.  A4vB
lim Ht:At Y5, 7)
-0 1,[3

which is equal to the growth rate of human capital of the individual with the highest sbility

This result indicates that the skill bias increases because less and less individuals embody more
and more human capital. The recognition of the importance of the notion of knowledge
accumulation is challenging not only the traditional focus on the R&D process, but the whole
spectrum of scientific and technical activities from invention to diffusion, from basic research

to technical mastery. Such a view of technical change rejects the definition of technical
capabilities in terms of knowledge or information with the connotation that industrial technology

is like a recipe; understood by particular individuals and readily articulatable and communicable
from one individual to another with the requisite background training and skills. Knowing how

to produce a product, is as much experienced ‘tacit skill' as articulatable knowledge. Contrary
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to the implicit general theory, skills of a skilled worker in the art are not interchangeable: who
works with the recipe makes a difference. Therefore, training new workers has become much
more expensive when one takes these arguments into account and the human capital employed
by firms will increasingly be embodied in less skilled individuals, thereby further increasing the

gap between skilled an unskilled workérs.

The government collects capital income tax@®( both human and physical capital to finance

the accumulation of public knowledge. This can be expressed as follows:

1
B, =trK, + tw, f(l—uS)Ht’Sds (8)
0

Public knowledge is invested in the accumulation of human capital as can be observed from
equation (3). The intention and main objective of the government is to distribute income and
therefore implicitly human capital more equally. However, the collection of additional capital
income taxes has both a positive and negative effect. Since the taxes are used to stimulate the
level of the public knowledge available it has a positive effect on overall productivity. On the
other hand, additional capital income taxes have a negative effect on the private accumulation

of physical and human capital, as shown below.

Firms allocate human capital between final goods production and technology production. Using
(1 - ¢) of the human capital stock available to the firm, they produce ovYtpsing a standard
increasing returns-to-scale Cobb-Douglas production function with labor saving technical

change:

v

1
Y =K A f (1-9)(1-u))H, (s (9)
0

® Moreover, this trend can also induce a sector bias in technical change, since some sectors might have more
resources and scope to invest in knowledge, both codified and tacit, which can lead to large differences in the
accumilation of tacit knowledge, inducing an absorbing effect on high-skilled labor from other sectors - cf.
Bruinshoofd and Ter Weel (1998) and Haskel and Slau@t®88) for one of the initial empirical assessments of

the sector bias of technical change.
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where 0 <p < 1,00 > 0,v >0 ande + v = 1. Firms dedicatg of their available human capital

stock to enhance technical progress, i.e.

5

1
Al [@-u)H, ds| A (10)
0

where 0 b <1, 0<€<1andd +& < 1. The latter restriction is in line with empirical findings

that show that the growth predictions of traditional models of Uzawa (1965) and Romer (1986)
with 6 =& = 1, contradict post-war growth experiences, investigated by Jones (1995b), of the
major OECD countries. This is confirmed by the steady-state solutignvdrich shows that

the traditional specificatiod = = 1 can be ruled out (see equation (C.10) in appendix C).
Furthermore, the restriction that the production of technology exhibits decreasing returns-to-scale

is imposed.
Firms then maximize profits according to the following Hamiltonian:

1 v 1 1 o
M=K A f (1-d)(L-u)H, ds| -rK -w, f (1-u)H, (ds+A, f ((L-u)H, ds| Af
0 0 0
DefiningH,; as
1
f(lfus) H, (ds
0
and taking partial derivatives, with respect to the control varidqlé4 ; and¢, and the state

variableA,, yield the following expressions for the growth rate of the physical and human capital

stock available to the firm and the stock of private knowledge (see Appendix C and D for proof):

" Jones (1995a) imposes the restricenl and shows that this leads to a model in which a balanced growth path
is consistent with an increasing number of persons devoted to technology production.
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¢ 2294 (1)
A L2 4 (12
KAt - CA:t (13)

The restrictiord + & < 1 ensures that the growth rate of the physical capital stock in equation (11)
is positive. An increase ihandd, the effectiveness of private knowledge respectively human
capital in the production of private knowledge, has a positive effect on the growth rates in

equations (11) and (12).

Using equations (11) - (13) the outcomes for the growth ratestdf andA can be re-expressed

in the parameters of the model. This results in equations (14) - (16):

¢ g @-drp (14)

- N
o

5 _(1-9)[A-7r-p]
U (1-E+d)0

(15)

R _O[(A-t)r-p]
A (1-¢+0)o

(16)

From these three equations, and already pointing to the discussion in the next section, it can be
observed that capital income taxes have a negative effect on the growth rate of all three variables.
The rationale is intuitively straightforward and consistent with the fact that negative externalities

have negative effects on growth rates.
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Formally, equations (14) - (16) can be examined by investigating the effects of each of the

exogenous parameters in the growth ratds,dfl, andA, in the following table.

Table 1: Investigating Equations (14) - (16)

A ~

oK, oH, oA,
or >0 >0 >0
dp <0 <0 <0
90 <0 <0 <0
OF - <0 >0
slo} - <0 >0

In the next section we explore these results and show how the skill bias due to the bias in private
human capital accumulation, as a result of dispersion in abilities, can be reduced by government

intervention.



[1999] On Endogenous Growth, Wage Inequality and Government Intervention 15

4. Government Intervention Reducing the Bias in Skill Accumulation

Firm-specific innovations are induced and occur because of the effort of the firm’s research
department on the one hand, and public knowledge from the ‘public basin’ on the other hand.
Public knowledge is enhanced by research performed at universities and other research institutes
financed by the government through variaBleTheir output in the form of knowledge is often
published in scientific journals or transmitted by channels such as conferences. This improves
the overall knowledge stock in the economy in an unbiased way and induces innovative activities.
As proven above, firms increase labor productivity levels in a skill-biased manner which in turn
lead to higher levels of innovative activities in the research department and higher levels of

production in the manufacturing division.

Equation (5) implies that in the long run or steady state individuals with a higher ability
experience a higher growth rate of human capital. The dispersion in levels of human capital
between high and low-skilled individuals thus increases over time. Hence, the need for

government intervention to deal with this dispersion is valid and necessary.

In this section a partial equilibrium analysis is performed on several variables in the model. First,
it can be shown that technical progress originating in the private sector leads to an increase in the
efficiency of human capital production biased towards individuals with higher initial abilities.
This can be shown by investigating a case in which there are two individuals with apditids

S, wheres > s. Using equation (5) the set up of this problem can be shown by the following

expression:

VS

—

I,
“»
-

2| >
+

I,
-

-+-
o

-

From this expression for two different levels of skills it can be easily observed that an increase
in the growth rate of private knowledéeleads to a biased increase in the growth rate of the
ratio of human capital, i.e. the ratid/H,; increases. This means that the relatively skilled

individual (the individual with skill levels) profits more from this enhancement in the
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accumulation of private knowledge than the relatively illeskindividual (the individual with

skill level s). More formally:

With respect to government intervention, the opposite result can be obtained. As is defined
above, government intervention by means of a capital incomehiasts relatively skilled labor

more than relatively unskilled labor because the tax is on the income of both physical and human
capital income. Physical capital is assumed to be distributed equally, but human capital not.
Therefore, an increase in public knowledge, financed by an increase in capital income taxes has
a positive effect on the individual with skill levglrelative to the individual with skill levey.

Hence, it can be shown in a more formal way, that an increase in the growth rate of public
knowledge leads, ceteris paribus, to a relative increase in the growth rate of the unskilled

individual’'s human capital:

Focusing on the short run, these effects can best be studied by investigating level effects of
relative skill embodiment instead of growth rates. Again assuming two individuals with skill
level s ands, wheres > s, the relative level of human capital can be expressed in natural

logarithms, using equation (5), as follows

Hs| (s-s)[(@-7)r-pldt
H.] (1-€+5)(1-B)o

t,S]

In

This expression leads to the following proposition:
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ProPOSITIONL: Relative dispersion in the relative level of skills as measured by n(H, i/ H )
increases if:
(a) J increases, because an increasedienhances and stimulates the accumulation of

(b)

(©

(d)

(€)

(f)

private knowledge A which in turn enhance human capital accumulation H as can be

observed from equation (10) and (12);

fZincreases, because an increasefienhances and stimulates the accumulation of

private knowledge A as can be observed from equation (10);

fincreases, since from equation (3) it can be seen that an incre@sesaids to a higher
rate of human capital accumulation. This increased human capital accumulation leads
in turn to a faster increase of skill-biased technical change through the effects defined

in equation (10);

r increases, because an increase in the return to physical capital stimulates investment,
which enhances the accumulation of skills through the complementarity between skills

and physical capital, as can be seen from equation (2);

p and o decrease, since present consumption is valued higher than future consumption,
following the properties of equation (1). This leads to less need for skills, and hence the
private investment in skills will fall. Lower private investment leads to less dispersion

over time; and finally and most importantly

T decreases. This can be proven by the following expression and is a quite
straightforward result, since an increase in capital income taxes decreases the amount
invested in the accumulation of private knowledge leading to the skill bias, while leading
to an increase in the amount invested in the accumulation of neutral public knowledge,

i.e.
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a|n(Ht,SI/HtYSj) B _(SI —Sj)ﬁl’t
ot (L-E+d)(L-P)o

This completes the investigation of Propositiom1.

This result shows that there is to some extent scope for the government to reduce the short=-run
level effects of skill-biased technical change which are prevalent in the private sector. However,
as noted above there remains a long-run bias in human capital growth rates in favor of relatively

high-skilled individuals.

However, recently, as noted by e.g. Muysken and Ter Weel (1999) and Acemoglu (1998), the
supply of relatively high-skilled labor increased in a dramatic fashion, while the wage premium
or reward for this high-skilled labor increased in an even more dramatic way. This process of so-
called directed technical change in which the direction of technical change is driven by the supply
and availability of a particular level of labor has led and is leading to a further process and
development of (wage) dispersion resulting in (wage) inequality in our Western societies.
Government intervention by means of providing a ‘public threshold level’ of knowledge
embodied in every single individual is therefore becoming increasingly important. The shift in
the accumulation of privatenowledge can be modeled by dividing the labor force in so-called
‘haves’ and ‘have-nots’, with regard to the level of skills needed to be part of the working labor

force, as follows

Ht,s :AtmaX&gO)usHt[,SthY ~HH,
which states that individuals have to embody a certain minimum or threshold levidkaof, $&
profit from private knowledge accumulation. If their skill level is below this threshold sevel
they cannot enhance their skills by means of private knowledge accumulation. Hence, there is
a strong case for the government to intervene in this process and to provide education and
training to guarantee that the (overall) level of skills is sufficiently high. However, another

problem of this trend is, that it is increasing over time, i.e.
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8_S>0
ot

frustrating government’s efforts to enhance skills.

Government policies to enhance the position of relatively low-skilled workers should therefore
be ‘skill-biased’ in the sense that it should aim at improving the position of relatively low-skilled
workers. The way the effects of government intervention is modeled in this framework does
suggest that efforts made by the government to distribute skills and therefore income more
equally among individuals are neutral: every single individual profits, ceteris paribus, in the same
manner fromyB,. This knowledge, provided through a ‘public basin’ of knowledge, accessible
for every single individual reduces the skill-bias, but only once; over time the bias will again
increase. Therefore, government policies have to be effective both in the long run and induce a
‘skill-bias’ in order for relatively low-skilled individuals, like individuatsin the example

above, to profit more from the effort made by the government.
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5. Concluding Remarks

This paper has reviewed the literature on growth extensively and has provided a unique
framework in which skill-biased technical change is explained by means of private investments
in knowledge among firms. The investment in knowledge among firms is biased towards
relatively skilled individuals because their ability to acquire this knowledge is assumed to be
higher. This engine of growth leads to large levels of dispersion in wage income and human
capital embodiment. On the other hand, accumulation of public knowledge leadsniniased

or neutral increase in wage income and human capital embodiment.

This framework stresses the need for continuous government intervention to reduce the ongoing
dispersion in human capital formation induced by skill-biased technical change. Moreover, the
endogenous decision of individuals to school themselves proves not to be sufficient to deal with

skill-biased technical change in a comprehensive manner.
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Appendix A. Consumer optimum

Consumers maximize life-time utility with respect to the budget constraint and their human
capital accumulation function. This results in the Hamilto@lawhich is defined as:

1-o0

_ s 1 -pt S By
Q- e P+ Ay (ACUH B! - pH, ) + A,((1-T)r K, o+ (L-Dw,(1-u)H, .- C, )

1-0

The control variables in the Hamiltonian &g andu, Taking partial derivatives with respect

to the control variables gives us equations (A.1) and (A.2):

0Q o _
—8C :Ct,se ptf)‘zzo (A.1)

t,s

oQ
U )“lAtSHtFSBtY ~A(1-t)wH, =0 (A.2)
S

Taking partial derivatives with respect to the state varidtyleandK, ;gives the following pair

of differential equations:

: 0Q -
by === = A (BATUHE B! -1 - A(-Dwi(1-u) (A3)
ts
; 0Q
Ay =- ra -A(1-7)r, (A.4)

t,s

Dividing equation (A.4) bw,, taking growth rates of equation (A.1) and equating the results

gives us the solution for individublwith skill levels. This is a standard Euler equation:

Cie ( MJ (A5)

(o)
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From now on we drop the subscrigbr the rental rate, as this rental rate is constant in our

steady state analysis.

Dividing equation (A.3) by.,, making use of equation (A.2) and then expressing this in growth

rates gives us the solution f&f

-
f,- 2 (A8)

Dividing equation (A.4) by., and expressing equation (A.2) in growth rates results in the growth

rates for costate variables which satisfy:

Ay=-(1-1)r (A7)

A =R, W, = —(1-T)r +W, (A.8)

Dividing equation (A.3) by,, making use of equation (A.2) and solving fQrgives us the
following expression for the amount of time consumers spend on human capital accumulation:

~

. H, o+l
S @-B)(H, H)-A

(A.9)

Making use of equation (A.6), (A.7) and (A.8), and assuming no depreciation of human capital

(1 = 0), this expression can be rewritten as

] sA+YB,
(1-B)(SA +yB+(L-T)r-w,)

Ug

(A.10)
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Appendix B

From equation (A.6), we can in a straightforward way calculate the solution for the level of

human capitaH, ¢

H —H. @A 1B (B.1)

t,s 0,s

Assuming that all individuals start with the same level of human cégjitad 1, the overall level

of human capital can be calculated - by integrating over equation (B.1) for all individuals - as:

1 1

+ /(1-

He=[H,ds= [ e YBIIPgg (B.2)
0 0

Solving this integral and substitutisg= 0 ands = 1 leads to the solution fét,:

A+yB)UA-B) _  (YBYU(L-P)

1- e -€

Ht — ( B)[ ~ ] (B_S)
t [

This expression gives us the overall level of human capital at.time
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Appendix C. Firm optimum

The Hamiltonian for the firm’s profit maximization problem is defined as:
B

1 v 1 1
=K Atf((ld))(luS))thsds] thWtf(luS)thsdsﬁhg[ f(cb(lus))thsdsJ Al
0 0 0

The amount of human capital available to the firm can be found by solving:

[ ((1B)+ﬁs)Asyét+(1s)(1r)r] LA g

1
f(l—uS)Ht,Sds= LS
0 (1-B)(-(1-9A+yB) +(1-B)(L-7)r

0

which leads to the following solution

A B, B, X g ) |5
—B(e( = )‘_e(f—p) t] +(7At+(1fr)r> o (n-1)!(1-B)" e( SL\iEBt)‘
At 1B |03 At"(-a-9AyBL-or)"

s=0

It can be shown that this expression has a finite solution. For convenience, this is defiped as

The Hamiltonian can now be rewritten as

T =K (A(L-$MH, ) - 1K - W, H,  + A, (dH, )°AS (C.1)

The control variables at€, H,; and$. Taking partial derivatives with respect to the control

variables gives equations (C.2) to (C.4):

8H7 g @IV v
a_Kia(liq)) Ky "AcHpi-1=0 (C.2)

t
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81'1 vy O Vg V- -
S V0N KIATH Low, + ABOPATHS =0 (C.3)
t,f
GH v— A VLV -
% =-v(1-¢) th A Ht,f +)“36¢6 1AtgHt(,Sf =0 (C.4)

Taking partial derivatives with respect to the state variAbtgves the following differential

equation fori,:

Ay _% ) _V(l_d))vKtuAtVilHt,vf - Asiq)éAtEilHt,éf (C.5)

Furthermore, the change in private knowledge is given by:
A= (§H, )P Al (C.6)

Dividing (C.6) byA, and taking growth rates, gives the following relation between the growth

rates of human capital and private knowledge:

i )4 c7)

Rewriting (C.2) in growth rates, and making use of (C.7), gives a relation between the growth

rates of physical capital and private knowledge:

Kt( 1*25) A (C.8)

Using (C.4) to rewrite (C.3) in growth rates, and making use of (C.7) and (C.8) leads to the
conclusion that wages grow with the same rate as private knowledge:

A

W, =A (C.9)

The part of the human capital stock available to firms that is devoted to the production of new
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knowledge is equal to:

o

d):—
1-€) .
(T) ot

It can be shown that Od¢e< 1.

31

(C.10)
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Appendix D

The accumulation of the stock of physical capitaéquals the sum of the individual capital

stocks:

1
K, :fKt,st (D.1)
0

Making use of equations (2), (4), the definition Fgf

1
H, = f (1-u)H, (ds
0

and the fact that

1
K, = f K, ds
0

equation (D.1) can easily be rewritten as

an 1-t)r-p)tlo
K= (@1-0rK + (1-1)wH, e

The steady-state relations between the growth rat€s Hf andA,, as expressed in equations
(C.7) and (C.8), leads to the conclusion that the growth rate of the physical capital stock equals

that of consumption

&_g-Q-orp (D.2)

t - N
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