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1 Introduction

When new technologies are introduced in the production process or when technological change
is incorporated in an economic model, it is agreed upon that this reduces the demand for low-
skilled labour relative to the demand for high-skilleddar. In general the rationale for this
argument is that high-skilled workers and capital are complements, whereas high-skilled labour
and low-skilled labour are substitutesg. many routine assembly activities are replaced. In
addition, it is acknowledged that high-skilled workers adapt more easily to changing technologies
than their low-skilled colleagues. Finally, the computer revolution increases the productivity of
high-skilled workers more than the productivity of low-skilled workers, leading to wage

dispersiort.

One obvious reason for this dispersion is rapid and widespread diffusion of new technologies that
go along with the evolution of the Information Sociéty. Technological change, which has a broad
systemic dimension in the information age and involves the reorganisation of many tasks and
activities, appears to display a strong skill bias - esgeAutor, Katz and Krueger (1997),
Berman, Bound and Griliches (1994) and Krueger (1993).

Indeed, firms are increasingly prepared to pay for higher skilled workers as the costs associated

! In Griliches (1969) this complementarity was due to the relative decline of the price of capital,

while Denny and Fuss (1983) attribute this to the specific effects of technological changes. Murphy, Riddell and
Romer (1998) discuss the debate on this issue in contemporary economiaghtyorbheir conclusion is that

new technologies are relative complements with more educated labour which is closely related to the thesis that
machinery and new technologies harm low-skilled workers.

2 The notion that economic growth eventually reduces dispersion and polarisation, the so-called
Kuznets hypothesis is a related topic. The hypothesis that in the early stages of development wage dispersion is
observed since only a few individuals have the required skills. Later on, the wage distribution narrows down
because more individuals obtain the required skills.

3 See High Level Expert Group (1997). They argue that there is an urgent need to address
investment towards human resources, knowledge and skill acquisition to prevent social dispersion and
polarisation from happening.

4 Other studies on skill-biased technological change are e.g. Bound and Johnson (1992),
Berman, Bound and Machin (1995), Card, Kramarz and Lemieux (1995), Howell and Wolff (1992), Machin
(1996), Nickell (1996) and Nickell and Bell (1996).



with the tangible part of new investments have decreased with time. Moreover, employers have
replaced increasingly expensive, low-skilled (blue-collar) workers by relatively inexpensive high-
skilled (white-collar) workers - seeg. Draper and Manders (1997). This indicates that the
returns to investment in high-level education have increased and has been accompanied by a
major upskilling of the labour force, thereby polarising the wage distribution in most of the
countries. Typically, the service sector has retained or increased the share oilleigjlivekker

it employs, while both the manufacturing and service sectors are decreasing the number of blue-
collar workers they employ. This shedding of unskilled labour at the sectoral level has occurred

in most OECD countries in the last decade, as illustrated in Table 1.

Table 1
Employment Growth Breakdown by Skill Level in Manufacturing and Services

(annual growth rates in %)

Country Blue-Collar Blue-Collar White-Collar White-Collar
Low-Skilled High-Skilled Low-Skilled High-Skilled
Man. Ser. Man. Ser. Man. Ser. Man(. Ser.
us (1983-1993) -0.2 0.2 -0.1 0.p -oft 1|4 9.2 .9
Canada (1981-1991 -0.f 0f1 -0[2 . g.1 0.8 D.4 1.0
Japan (1980-1990 0.L 033 -0[2 -0.1 Q.5 1.3 D.4 0.9
Germany (1980-1990 -0.8 -0.p 042 03 Q.2 1.0 D.3 0.6
France (1982-1990 -1.4 0.p -03 . -012 Q.5 0.4 n.2
Italy (1981-1991) -0.5 0.6 -1.0 0.1 0L 112 02 10
Australia (1986-1991 -0.6 0.% -0.8 ol 12 g.4 1.8
New Zealand (1976-1991 -0.p -140 -113 a.3 -0.1 D.8 -p.1 2.3
Source OECD (1996)
5 There are, however, differences in occupational composition across countries. The

manufacturing sectors of Japan and Italy tend to employ more high-skilled, blue-collar workers as opposed to the
US and France. On the other hand, the US and France tend to employ a greater share of high-skilled, white-collar
workers in their manufacturing sectors. In the service sector, the distribution of workers according to skill is
skewed towards high-skill and low-skill white-collar workers with a greater share of high-skilled, white-collar
workers in the French service sector.



The contents of technology used in several papers differ widely. 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), 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). Finally, Lucas (1988) and Romer (1986) use private knowledge
spillovers in their endogenous growth models. From these studies, starting from the ancestor in
the founding works of endogenous growth theory (Arrow 1962), economists have formalized and
endogenized neoclassical growth theory based on to factors: capital and homogenous labour.
Even models that introduce human capital explicitly in the production function, treat high-skilled
and low-skilled workers as perfect substitutes (Lucas 1988) or introduce technology as a
complement with both types of labour (Romer 1990). In both approaches there is no role for
technological change to differently affect wages for workers with different levels of education
and skills! In particular, there is no recognition that technological change can lead to wage

dispersion.

This paper develops a model of endogenous growth with heterogenous labour, which leads to
skill-biased technological change and wage dispersion. In order to do so, we discuss the changing

skills profile in terms of a dynamic model.

6 For elaborate literature surveys geg.Aghion and Howitt (1998), Barro and Sala-i-Martin

(1995), Harberger (1998), Lucas (1993), Romer (1994) Schneider and Ziesemer (1994) and Verspagen (1992).

! An exception is Eicher (1996) who examines how interaction between endogenous human
capital accumulation and technological change affect relative wages and economic growth. His model provides a
theoretical foundation for the empirically observed relation between technological change and relative demand,
supply and wages of skilled labour.



2 The Changing Skills Profile

Consumers

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

preferences:

1-0
Ut S:MGPt (1)
’ 1-o0

where the discount rateand the coefficient of relative risk aversiomre both positiveC, is
defined as consumption of perdowith skill levels at timet. sis uniformly distributed over a
range §, s,|. For each skill leves, there is only one individu&l These skills can be viewed as

the ability this individual is born with.

Capital accumulation - for individualwith skill levels - is, as usual, defined as net income

minus consumption:

K't,s =(1-7)rK o+ (A-1)w(1-u)H, ;- C ()

wheret is a capital income tax for both physical and human capiialthe return on physical
capitalK, at timet, w, the return on human capitd],, and (1) is the amount afime spent by
person with skill levelsto produce output. This budget constraint implies that all wealth that

IS generated - or all savings - is immediately transformed into physical capital.

The accumulation of human capital isliskiased because individuals with a higher skill level
profit more from technological progregs)(than individuals with a lower level of human capital.
Assuming skill levels between zero and one we observe from equation (3) that individuals with

a higher skill level profit exponentially from an increase in technological progress
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Ht,s:AtSusHth B, - MH, ¢ 3)

with 0 < <1 and 0 s < 1. u, is the time spent to accumulate human capital and p is the
depreciation rate of human capitBl.is public knowledge provided publicly whereasis
provided privately and, as in Romer (1986) and Ziesemer (1991) it is assumed that no public
action is taken to influence the supply of private knowlédge. The stock of public knowledge is

enhanced at some costs that are collected as capital income tatesquation (2).

Maximizing utility in equation (1) subject to the budget constraint (equation (2)) and human

capital accumulation (equation (3)) leads to the following Hamiltonian

1-o0
0 Cis -1
l-0

e A, (ASUHS B! -pH, )

- )»2((1—r)rth,S +(1-T)Wy(1-ugH, - Ct’s)

Solving this Hamiltonian results in a standard Euler equation for individuigh skill levels:®

Ct(m) @

o)

where the after-tax return on capital)t-has to exceed the discount rptén the steady state
the rental rate has to be constant because the growth of the marginal product of capital equals

zerol®

8 The distinction between private and public knowledge in this respect is comparable to that

between applied and fundamental knowledge.

° See Appendix A for mathematical proof.

10 Ziesemer (1995) alternatively considers an open economy and derives a constamtbypte of

incorporating imports, exports and foreign debt.



Optimizing with respect tél, ; yields the growth rate of human capitél which depends both

on the growth rates of private and public knowledge accumulation:

n A\ +y|§
Hts:L (5)

’ 1_B
Equation (5) is of central importance to our analysis. The equation shows that public knowledge
accumulation adds an unbiased amount of human capital accumulation to the individual's
existing human capital stock. This equation also indicates that private human capital

accumulation is biased and depends on the skill level an individual incorporates.

In order to compute the overall level of human capital we have to integrate equation (5) from

zero to the maximum level of skills:

1
H, :th,st (6)
0

Since we have normalized the impact of skills this leads to

~

H, =}thsdsz (1l3)( e( Atlwﬁét) t- e( Z_Bﬁti) t]
0 tA,

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

of human capital converges to

_ 1 _
Ut 1 (1P ( —/%)t 1-p (7)
1-e

1 See Appendix B for mathematical proof.
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which is equal to the growth rate of human capital of the individual with the highest ability
This result indicates that the skill bias increases because less and less individuals embody ever
more human capital. Furthermore, equation (7) shows that the growth rate of human capital

approaches this steady-state value asymptotically from below, as shown in Figure 1.

Figure 1
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Firms

Firms allocate human capital between final goods production and technology production. Using
(1 - ¢) of the human capital stock available to the firm, they produce o¥jtpsing a standard

increasing returns-to-scale Cobb-Douglas production function with labour saving technological
change”?

12 Doubling the traditional inputs physical and human capital will double the level of output.

However, doubling all three inputs, thus also the stock of private knowledge, will more than double the level of
output.



\Y

1
Yo=K A [(-0)(A-ug)H, ds (®)
0

where 0 <p < 1, > 0,v >0 andx + v = 1. Second, firms dedicadeof their available human

capital stock to enhance technological progress:

)

1
A=l [@A-u)H, ds| A ©)
0

where 0 <9< 1,0<¢<1ando +&< 1. The second restriction (E< 1) is in line with recent
empirical findings which show that the growth predictions of traditional modelwith= 1

(e.g. Uzawa (1965) and Romer (1986)) contradict post-war growth experiences for the major
OECD countries (Jones, 1995b). This is confirmed by the steady-state solutijprwiuch

shows that the traditional specificatién= ¢ = 1 can be ruled out (see equation (C.11) in
appendix C). Furthermore, we make the restriction that the production of technology exhibits

decreasing returns-to-scale (e.g. Romer 1890).

The firms maximize profits according to the following Hamiltonian:

\Y

1
=K Atf((l—d))(l—uS))Ht,Sds K, -
0

)

1 1
Wtf(l—us) H, sds+ 45 f((l)(l—us))Ht,st A
0 0

13 Jones (1995a) imposes the restricion1 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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Taking partial derivatives with respect to the control variallle$d,; and ¢, and the state
variableA,, yields the following expressions for the growth rate of the capital stock, the human

capital stock available to the firm (definedHg and the stock of private knowledge :

[ (A+6-8)y g
K, = B
t ((1—&)(1—6)—6) t 4o
A (1-8)y 3
o o) o

u Sy 5
A ((1—&)(1—&)—6) t 42

The restrictiord + & < 1 ensures that the growth rate of the physical capital stock in equation (10)
is positive!> These equations also show that an increfisaridy, the effectiveness of human
capital respectively public knowledge in the accumulation of human capital, has a positive effect
on the growth rates in equations (10) - (12). An increa§amdd, the effectiveness of private
knowledge respectively human capital in the production of private knowledge, has similar

positive effects.

Government

The government collects capital income tax@®6 both human and physical capital to finance

the accumulation of public knowledge:

14 See Appendix C for mathematical proof.

15 In addition, equation (11) reconfirms our restriction thatl.
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1
Bt =TrK, + TW, f(l—us)Ht,st (13)
0

Public knowledge is invested in the accumulation of human capital as can be observed from
equation (3). The intention of the government is to distribute income and therefore implicitly
skills 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 lavediarhéntal
knowledge it has a positive effect on overall productivity. On the other haritipadbcapital

income taxes have a negative effect on the accumulation of physical and human capital as can

be seen from equation (2).

In Appendix D we show how to express the growth rate of the physical capital stock in terms of
the parameters of the model. Combining equations (D.2) and (10), we can solve for the growth

rate of public knowledgB,

g _(1-5)1-B)-3)((1-7)r-p)
t (1-E+8)yo

(14)

with (1 -€)(1 - B) - 6 > 0. After careful consideration, we observe that capital income taxes have
a negative effect on the growth rate of public knowledge. This conclusion, although at first site
surprising, is rather straightforward. From common knowledge we can obtain that an increase
in capital income taxes hurts the accumulation of both physical and human capital. Using
equation (13) it is thus straightforward that onds increased, this hurts both physical and
human capital accumulation. The first effect, an increase imcreases the accumulation of
public knowledge, whereas the second effect, deterioration of physical and human capital
accumulation, has a negative effect on the accumulation of public knowledge. From equation

(14) we then observe that the second effect dominates.

10



Once we have solved the growth rate of public knowledge we can reexpress equation (10) - (12)

in the parameters of our model. This results in equations (10') - (12"

R - % (10)

4 (-9 (-0r-p)
! (1-£+0)o

(11)

; _(A-1)r-p))d
A (1-£+0)o

(12)

From these three equations we observe 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.

Closing the model: skill-biased technological change

Technological progress originating in the private sector leads to increases in the efficiency of

human capital production biased towards individuals with higher abilities. This can be shown by

assuming two individuals with abilitissands, wheres > s. Using equation (5) we obtain:

o>

|
>, >

Now an increase in the growth rate of private knowledge leads to a relative increase in the growth

rate of the higher skilled individual, i.e. a skill-biased increase:

11



With respect to government intervention, we obtain the opposite result. An increase in the growth
rate of public knowledge leads to a relative increase in the growth rate of the lower skilled

individual:

This result shows that there is scope for the government to reduce the effects of skill-biased

technological change which are prevalent in the private sector.

12



3 Concluding Remarks

In a globally competitive environment, one in which technology can quickly change the skills that
are in demand, as shown above, systems for providing adequate skills to workers are needed. We
have shown how public and private resources can be applied to invest in human resources, i.e.
human capital. However, private investment (through an increadel@ads to skill-biased
technological progress in favour of the high-skilled. This notion of skill-biased technological
change is in particular important with respect to the fast and rapid diffusion of knowledge and
information that go along with the evolution of the Information Society. The upskilling within
economies is confirmed by changes in employment by occupation. Professional and technical
workers, the most highly skilled occupational category, have the highest or second highest
employment growth rate in all countries. Second, relatively low-skill categories, such as
agricultural workers and transport and production workers and labourers often have the lowest

employment growth rates.

The model also shows that there is scope for government intervention. The government can
invest in its citizens by increasing the general level of knowledge. We have shown that lower
skilled individuals profit more from this policy measure than higher skilled individuals.

However, the government finances its expenditures by a capital income tax. The collection of
additional capital income taxes has a positive effect on overall productivity but a negative effect

on the accumulation of physical and human capital.

Moreover, we have shown that capital income taxes have a negative effect on the growth rate of
public knowledge. The explanation is that an increase in the tax rate increases the accumulation
of public knowledge but the effect of the deterioration of physical and human capital
accumulation outweighs the marginal increase in the accumulation of public knowledge.
Therefore, we can conclude that the government can reduce the skill bias by investing in the

general level of human capital but that it cannot increase the tax rate for ever.

16 However, some occupational categories not considered particularly high-skilled, such as sales

workers, clerical and related workers, and service workers have shown relatively strong employment growth.

13



Further research with regard to government intervention is therefore required. In order to do so,
we extend our model with a larger government component and try to see how it can reduce skill-

biased technological change and deal with or stop the polarisation of the Western societies.

Further research with respect to our general model is also a future target. Several ways to extend
our model are present. Particularly, the incorporation of unemployment and labour-market
frictions and externalities are an important and new line of research. In addition, an extension in
the direction of other new growth theory models is possible. Finally, an empirical application of

our theoretical results might be a nice way to prove our point.

14
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Appendix A

Consumers maximize life-time utility with respect to the budget constraint and their human

capital accumulation function. This results in the Hamilto®dawhich is defined as

_ Ct?-gc_l -pt S Py
Q- — e Ay (AUHIB - HH, ) +A5((1-0)r K, o+ (1-tw(1-ugH, .- C,

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

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

O o .

fns_ct,se #-4,=0 (A.1)
0Q
U :)“1'A‘tsl'|t?s|3tY ~A(1-t)wH, =0 (A.2)

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

of differential equations:

: 0Q -
A== oH =y ( BAtsusHt[,Ss 1BtY —H) - A(1-1)w(1-uy (A.3)
t,s
; 0Q
Ay=- 3K =-A,(1-7)r, (A.4)

t,s

Dividing equation (A.4) by.,, 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:

cA:t,s:( m) (A.5)

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 express this in growth rates

gives us the solution fof,;

H - SArB (A.6)

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

variables which satisfy
Ay=-(1-t)r (A7)

Ay =hy+ W = ~(1-T)r + W, (A.8)

Dividing equation (A.3) by,, making use of equation (A.2) and solving Qrgives us the

following expression

i H o1
ug= - = (A.9)
(1-B) (H, g*H)-A 1

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

_ S'AA‘tJ“YE;t
* (1-p)sA+vBr(L-0r-w)

u

(A.9)
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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,

(B.1)

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

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

1 1 (S&t“{ér)t
H =th’Sds:fe 16 /) ds (B.2)

Solving this integral and substitutisg- O ands = 1 leads to the solution fét,

i, D) ( e( ) t—e( 5 ] (B.3)

A

tA

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

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

5

1 v 1 1
I =K{ Atf((1¢)(1uS))Ht’Sds] thwtf(luS)Ht,sds+A3[ f((b(lus))Ht,sds] Al
0 0 0

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

f(l U)H, ds f ~((1-B)-BYA-BYB + 1-BYA-o)r |
(1-B)(-(1-9)A +yB) +(1-B)(1- T)r

which leads to the following solution

AI+
B(( ) ( )]J-Aﬂl-f)f) (n-1)!(L-p)"
At 1p | At(-a-9A+yB-or)"

For convenience, this is definedts. The Hamiltonian can now be rewritten as
I =K (AQL-O)H, ) 1K =W H, + Ay dH, PAS (C.1)

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

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

S—E—a(l O)K A -1 =0 C.2)

t
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t,f

=v(L-0)KEAH - w + A 80°ATHS T =0 (C.3)

aH V- o v A% _
e ~V(L-0)" KIAH + A80° AHS =0 (C.4)

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

equation fork,
. vy Oa V-1 4 v dpaE-1y0
hy= = = —v(1-0) KA H - ALDAT THS (C.5)

Furthermore,

A=(OH, )° A (C.6)

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

rates of human capital and private knowledge

A ~

- ) 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

Ktz( 1*2‘5) A (C.8)
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Rewriting (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

W =A (C.9)

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

knowledge is equal to

d

q):—
(1_—5) Y (C.10)
8

It can be shown that Ods < 1.
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Appendix D

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

increases

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

Making use of equations (2), (4), the definition ft¢
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

. (H)r—p)t
Ki=(1-DrK +(1-t)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:

R - (1-tr-p (D.2)
(0)
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