Review of Economic Studies (20089, 781-809 0034-6527/02/00310781$02.00
(© 2002 The Review of Economic Studies Limited

Directed Technical Change

DARON ACEMOGLU
MIT

First version received Mag001; final version accepted Februag002 (Eds)

For many problems in macroeconomics, development economics, labour economics, and
international trade, whether technical change is biased towards particular factors is of central importance.
This paper develops a simple framework to analyse the forces that shape these biases. There are two
major forces affecting equilibrium bias: the price effect and the market size effect. While the former
encourages innovations directed at scarce factors, the latter leads to technical change favouring abundant
factors. The elasticity of substitution between different factors regulates how powerful these effects are,
determining how technical change and factor prices respond to changes in relative supplies. If the elasticity
of substitution is sufficiently large, the long run relative demand for a factor can slope up.

| apply this framework to develop possible explanations to the following questions: why technical
change over the past 60 years was skill biased, and why the skill bias may have accelerated over the past
25 years? Why new technologies introduced during the late eighteenth and early nineteenth centuries were
unskill biased? What is the effect of biased technical change on the income gap between rich and poor
countries? Does international trade affect the skill bias of technical change? What are the implications of
wage push for technical change? Why is technical change generally labour augmenting rather than capital
augmenting?

1. INTRODUCTION

There is now a large and influential literature on the determinants of the aggregate technical
progress (see, among others, Romer (1990), Segerstrom, Anant and Dinopoulos (1990),
Grossman and Helpman (1991), Aghion and Howitt (1992), Young (1993)). This literature does
not address questions related to theection andbias of technical change. In most situations,
however, technical change is not neutral: it benefits some factors of production more than others.
In this paper, | develop a simple framework of directed technical change to study these biases. In
this framework, profit incentives determine the amount of research and development directed at
different factors and sectors.

To see the potential importance of the biases, consider a number of examples:

(1) Figure 1 plots a measure of the relative supply of skills and a measure of the return to
skills, the college premium. It shows that over the past 60 years, the U.S. relative supply
of skills has increased rapidly, but there has been no tendency for the returns to college to
fall in the face of this large increase in supply—on the contrary, there has been an increase
in the college premium over this time period. The standard explanation for this pattern
is that new technologies over the post-war period have bk#rbiased The figure also
shows that beginning in the late 1960’s, the relative supply of skills increased more rapidly
than before, and the skill premium increased sharply beginning in the late 1970’s. The
standard explanation for this pattern is an acceleration in the skill bias of technical change
(e.g.Autor, Krueger and Katz (1998)).

(2) In contrast, technical change during the late eighteenth and early nineteenth centuries
appears to have beamskill biased(skill replacing). The artisan shop was replaced by
the factory and later by interchangeable parts and the assemblyelipeJémes and
Skinner (1985), Goldin and Katz (1998)). Products previously manufactured by skilled
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FIGURE 1

The behaviour of the (log) college premium and relative supply of college skills (weeks worked by college equivalents
divided by weeks worked by noncollege equivalents) between 1939 and 1996. Data from March CPSs and 1940, 195
and 1960 censuses

artisans started to be produced in factories by workers with relatively few skills, and many
previously complex tasks were simplified, reducing the demand for skilled workeys (
Mokyr (1990, p. 137)).

(3) Over the past 150 years of growth, the prices of the two key factors, capital and labour,
have behaved very differently. While both in the U.S. and in other Western economies, the
wage rate has increased steadily, the rental rate of capital has been approximately constal
This pattern indicates that most of the new technologiefadi@ur augmenting

(4) Beginning in the late 1960’s and the early 1970’s, both unemployment and the share of
labour in national income increased rapidly in a number of continental European countries.
During the 1980’s, unemployment continued to increase, but the labour share started a stee
decline, and in many countries, ended up below its initial level. Blanchard (1997) interprets
the first phase as the response of these economies to a wage push, and the second phas
a possible consequencea#pital-biasedechnical change.

These examples document a variety of important macroeconomic issues where biase
technical change plays a key role. They also pose a number of questions: why has technic:
change been skill biased over the past 60 years? Why was technical change biased in favour
unskilled labour and against skilled artisans during the nineteenth century? Why has there bee
an acceleration in the skill bias of technical change during the past 25 years? Why is much o
technological progress labour augmenting rather than capital augmenting? Why was there rapi
capital-biased technical change in continental Europe following the wage push by workers during
the 1970's?

These questions require a framework where the equilibrium bias of technical change can b
studied. The framework | present for this purpose generalizes the existing endogenous technic
change models to allow for technical change to be directed towards different factors: firms
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can invest resources to develop technologies that complement a particular factor. The relative
profitabilities of the different types of technologies determine the direction of technical change.

| show that there are two competing forces determining the relative profitability of different
types of innovation: (i) the price effect, which creates incentives to develop technologies used in
the production of more expensive goods (or equivalently, technologies using more expensive
factors); (ii) the market size effect, which encourages the development of technologies that
have a larger market, more specifically, technologies that use the more abundant factor. These
two effects are competing because, while the price effect implies that there will be more rapid
technological improvements favouring scarce factors, the market size effect creates a force
towards innovations complementing the abundant fdctowill show that the elasticity of
substitution between the factors determines the relative strengths of these two effects. When
the elasticity of substitution is low, scarce factors command higher prices, and the price effect is
relatively more powerful.

The first major result of this framework is a “weak induced-bias hypothesis”: irrespective
of the elasticity of substitution between factors (as long as it is not equal to 1), an increase in the
relative abundance of a factor creates some amount of technical change biased towards that factol
The second major result is a “strong induced-bias hypothesis”, and states that if the elasticity of
substitution is sufficiently large (in particular, greater than a certain threshold between 1 and 2),
the induced bias in technology can overcome the usual substitution effect and increase the relative
reward to the factor that has become more abundant. That is, directed technical change can mak
the long-run relative demand curve slope up. The long run relative demand curve may be upward
sloping in this set-up because of the underlying “increasing returns to scale” in the R&D process:
a new machine, once invented, can be used by many wofkers.

Figure 2 illustrates these results diagrammatically. The relatively steep downward-sloping
lines show the constant-technology relative demand curves. The economy starts at point A. In the
absence of endogenous technical change, the increase in the supply shown in the figure moves th
economy along the constant-technology demand to point B. The first result of this framework,
the weak induced-bias hypothesis, implies that, as long as the elasticity of substitution between
factors is different from 1, the increase in the supply will induce biased technical change and
shift the constant-technology demand curve out. The economy will therefore settle to a point
like C. In other words, the (long-run) endogenous-technology demand curve will be flatter than
the constant-technology curve. The second result, the strong induced-bias hypothesis, implies
that the induced bias in technology can be powerful enough to create a sufficiently large shift in
the constant-technology demand curve and take the economy to a point like D. In this case, the
endogenous-technology demand curve of the economy is upward sloping and the relative reward
of the factor that has become more abundant increases.

After outlining the general forces shaping the direction of technical change and the main
results, | return to a number of applications of this framework. | discuss: (1) why technical
change over the past 60 years was skill-biased, and why skill-biased technical change may
have accelerated over the past 25 years. Also why new technologies introduced during the late
eighteenth and early nineteenth centuries were labour biased. (2) Why biased technical change
is likely to increase the income gap between rich and poor countries. (3) Why international trade
may induce skill-biased technical change. (4) Under what circumstances labour scarcity will spur
faster technological progress as suggested by Rothbarth (1946) and Habakkuk (1962). (5) Why
technical change tends to be generally labour augmenting rather than capital augmenting.

1. Another important determinant of the direction of technical change is the form of the “innovation possibilities
frontier"—i.e. how the relative costs of innovation are affected as technologies change. | discuss the impact of the
innovation possibilities frontier on the direction of technical change in Section 4.

2. This is related to the nonrivalry in the use of ideas emphasized by Romer (1990).
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(6) Why a large wage push, as in continental Europe during the 1970’s, may cause capital-biase
technical change and affect the factor distribution of income.

This list is by no means exhaustive, and there is much research to be done to understar
the implications of biased technical change and the determinants of equilibrium bias of new
technologies. It is part of my aim in this paper to stress the importance of thinking about biasec
technical change, and to provide a set of tools that are likely to be useful for future research ol
these biased.

Although there is relatively little current research on biased technical change, an earlier
literature was devoted to studying related issues. It was probably HicKsamheory of Wages
(1932) who first discussed the determinants of equilibrium bide. wrote: “A change in the
relative prices of the factors of production is itself a spur to invention, and to invention of
a particular kind—directed to economizing the use of a factor which has become relatively
expensive.” (pp. 124-125). Hicks' reasoning, that technical change would attempt to economiz
on the more expensive factor, was criticized by Salter (1966) who pointed out that there wa:s
no particular reason for saving on the more expensive factor—firms would welcome all cost
reductions. Moreover, the concept of “more expensive factor” did not make much sense, sinc
all factors were supposed to be paid their marginal product.

These questions were revived by the “induced innovation” literature. An important paper
by Kennedy (1964) introduced the concept of “innovation possibilities frontier”, capturing the
trade-off between different types of innovations, and argued that it is the form of this frontier—
rather than the shape of a given neoclassical production function—that determines the factc
distribution of income. Kennedy, furthermore, argued that induced innovations would push the
economy to an equilibrium with a constant relative factor share (see also Samuelson (1965
Drandakis and Phelps (1965)). Around the same time, Habakkuk (1962) put forth the thesis the
labour scarcity, by increasing wages, induced firms to search for labour saving inventions an

3. The framework here focuses on one type of biased technical change: that which increases the relative
productivity of one factor permanently. Alternatively, as emphasized by Nelson and Phelps (1966), Schultz (1975) anc
especially Galor and Maov (2000), technological progress may be biased towards one of the factors, skilled labour, ir
the short run, because higher ability and skilled workers may be better at adapting to a changing environment.

4. Marx also touched on these issues. He argued that labour scarcity—the exhaustion of the reserve army c
labour—would induce the capitalist to substitute machinery for labour and spur growth. See for example the discussiol
in Habakkuk (1962, p. 44).
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spurred technological progress (see also Rothbarth (1946)). This literature was also criticized
for lack of micro-foundations, however. First, with specifications as in Kennedy, the production
function at the firm level exhibited increasing returns to scale because, in addition to factor
guantities, firms could choose “technology quantities”. Second, as pointed out by Nordhaus
(1973), it was not clear who undertook the R&D activities and how they were financed and
priced. These shortcomings reduced the interest in this literature, and there was little research for
almost 30 years.

The analysis here, instead, starts from the explicit micro-foundations laid out by the
endogenous technical change models. In addition to providing an equilibrium framework for
analysing these issues, | demonstrate the presence of the market size effect, which did not
feature in the earlier literature (but see Schmookler (1966)). More explicitly, the framework |
present here synthesizes my previous work in Acemoglu (1998,all§98nd Acemoglu and
Zilibotti (2001), as well as work by Kiley (1999) (see also Lloyd-Ellis (1999) and Galor and
Maov (2000), for different perspectives). The results in these papers show that whether technical
change results from quality improvements, expanding variety of products, or expanding variety
of machine types is not essential. For this reason, | choose one of the specifications and highlight
the modelling choice that turns out to be more important—the form of the innovation possibilities
frontier.

The rest of the paper is organized as follows. In the next section, | define some of the terms
that will be used throughout the paper and clarify the distinction between factor augmenting and
factor-biased technical change. In this section, | also give a brief overview of the main results.
In Section 3, | introduce the basic framework that determines the demand for innovation and
I highlight the price and market size effects on the direction of technical change. Section 4
introduces the innovation possibilities frontier and shows how different forms of this frontier
affect the equilibrium bias of technology. Sections 5 and 6 apply the framework developed in
Sections 3 and 4 to a variety of situations where biased technical change appears to be important
Section 7 concludes.

2. FACTOR-AUGMENTING, FACTOR-BIASED TECHNICAL CHANGE AND AN
OVERVIEW

Consider an aggregate production functibil., Z, A), with two inputs,L, labour, andZ, which
could be capital, skilled labour or land\ is a technology index. Without loss of generality
imagine thatoF/dA > 0, so a greater level oA corresponds to “better technology” or to
“technological progress”. Technical changelisaugmentingif the production function takes
the more special forr (AL, Z). Z-augmentingechnical change is defined similarly. Technical
change id_-biased on the other hand, if
sEs
A
that is, if technical change increases the marginal produkctrabre than that o¥ .
To clarify the difference between these two concepts, consider the more specialized constant
elasticity of substitution (CES) production function

o-1 o—14_0_
y=[y(ALL) = + 1 -y)(AzZ) 7 |°1,

whereAL andAz are two separate technology termss (0, 1) is a distribution parameter which
determines how important the two factors are, and (0, co) is the elasticity of substitution
between the two factors. When= oo, the two factors are perfect substitutes, and the production
function is linear. Wheir = 1, the production function is Cobb—Douglas, and whes 0, there

> 0,
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is no substitution between the two factors, and the production function is Leontieff. ¥Vkeh,
I refer to the factors as gross substitutes, and when1, | refer to them as gross complements.
By construction,A. is L-augmenting andd\z is Z-augmenting. | will also sometimes refer to
AL as labour complementary, andAy asZ-complementary.

Whether technical change is labour biaseddbiased, on the other hand, depends on the
elasticity of substitution. To see this, calculate the relative marginal product of the two factors:

MP; 11—y /Az\% (Z\ 7 )
MPL — y (AL) (L) ' @
The relative marginal product & is decreasing in the relative abundanceZofZ /L. This is
the usualsubstitution effectleading to a downward sloping relative demand curve. The effect
of Az on this relative marginal product depends®onhowever. Ifc > 1, an increase iz
(relative to AL ) increases the relative marginal producthfWheno < 1, an increase iz
reduces the relative marginal producthfTherefore, when the two factors are gross substitutes,
Z-augmenting Z-complementary) technical change is asdiased. In contrast, when the two
factors are gross complements, ttaugmenting technical changelisbiased. Naturally, when
o = 1, we are in the Cobb—Douglas case, and neither a chanfe mor in A, is biased towards
any of the factors.

The intuition for why, whero < 1, Z-augmenting technical changelisbiased is simple:
with gross complementarity, an increase in the productivity ohcreases the demand for the
other factor, labour, by more than the demand Zoreffectively creating “excess demand” for
labour. As a result, the marginal product of labour increases by more than the marginal produc
of Z.

Now to obtain an overview of the results that will follow, imagine a set-up wiierand Az
are determined endogenously from the type and quality of machines supplied by “technology
monopolists”. One of the major results of the more detailed analysis below will be that the
profitability of developing new-complementary machines relative to the profitability of labour-
complementary machines will be proportional to (see equation (17))

() ()" @

The basic premise of the approach here is that profit incentives determine what types o
innovations will be developed. So when (2) is higky will increase relative toA . Inspection

of (2) shows that when the two factors are gross substitates (1), an increase irZ /L will
increase the relative profitability of inventing-complementary technologies. To equilibrate
innovation incentivesAz /AL has to rise, reducing (2) back to its original level. Intuitively, in
this case, of the two forces discussed in the introduction, the market size effect is more powerfu
than the price effect, so technical change is directed towards the more abundant factor. In contras
when the two factors are gross complements< 1), an increase iz /L will lead to a fall in
Az/AL. However, recall that whea < 1, a lowerAz /AL corresponds t&-biased technical
change. So in this case an increas& jiL reduces the relativehysicalproductivity of factorZ,

but increases its relatiwealueof marginal product, because of relative price changes. Therefore,
in both cases, an increase in the relative abundan@eaafusesZ-biased technical change. We

will also see that it is sufficiently large, this induced biased technical change can be so powerful
that the increase in the relative abundance of a factor may in fact increase its relative réward—
the long run relative demand curve for a factor may be upward sloping.

5. | use this terminology because the demandZancreases in response to an increase in the pride, af| ,
holding its pricewz, and the quantity of constant if and only i& > 1, and vice versa.
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3. THE DEMAND SIDE

I now develop the basic framework for analysing the determinants of the factor bias of technical
change, first focusing on the demand for new technology (innovation). The next section then
introduces “the innovation possibilities frontier” and discusses the supply side of innovations.

3.1 The environment

Consider an economy that admits a representative consumer with the usual constant relative risk
aversion (CRRA) preferences

[e'9) t 1-6 _ 1
/O co 1 i_e et @3)

wherep is the rate of time preference adds the coefficient of relative risk aversion (or the
intertemporal elasticity of substitution). | suppress the time arguments to simplify the notation,
and | will do so throughout as long as this causes no confusion. The budget constraint of the
consumer is

o1 -1 7T
C—l—l—i—RSYEI:yYLS +(1—y)YZ€} , 4

wherel denotes investment, arillis total R&D expenditure. | also impose the usual no-Ponzi

game condition, requiring the lifetime budget constraint of the representative consumer to

be satisfied. The production function in (4) implies that consumption, investment and R&D

expenditure come out of an output aggregate produced from two gbodadYz, with elasticity

of substitutione, andy is a distribution parameter which determines how important the two

goods are in aggregate production. Of these two gogdss (unskilled) labour intensive, while

Yz uses another factog, intensively. In this section and the next, | will not be specific about

what this factor is, but the reader may want to think of it as skilled labour for concreteness.
These two goods have the following production functfons

Y = 1 " HiPdj LA 5
L—m(/o xL(j) 1) , (%)

Yz = ! NZx hiPdj)z? 6
Z—m(/o z(]) l) ) (6)

whereg € (0, 1), andL andZ are the total quantities of the two factors, assumed to be supplied
inelastically for now. The labour-intensive good is therefore produced from labour and a range
of labour-complementary intermediates or machinesxtti® For simplicity, | will refer to the
X’s as “machines”. The range of machines that can be used with labour is denokgd Bre
production function for the other good, (6), usésomplementary machines and is explained
similarly. Notice that giverN_ and Nz, the production functions (5) and (6) exhibit constant
returns to scale. There will be aggregate increasing returns, however, Mhemd Nz are
endogenized.

| assume that machines in both sectors are supplied by “technology monopolists”. In this
section, | takeN| andNz as given, and in the next section, | analyse the innovation decisions of
these monopolists (the supply of innovations) to deterrpeand Nz. Each monopolist sets a
rental pricex, (j) or xz(j) for the machine it supplies to the market. For simplicity, | assume

and

6. The firm level production functions are also assumed to exhibit constant returns to scale, so there is no loss of
generality in focusing on the aggregate production functions.
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that all machines depreciate fully after use, and that the marginal cost of production is the sam
for all machines and equal i in terms of the final good.

The important point to bear in mind is that the set of machines used in the production of
the two goods are different, allowing technical change to be biased. The range of mabhines,
andNz, determine aggregate productivity, whe /N determines the relative productivity of
factor Z.

3.2 Equilibrium

An equilibrium (givenN| andNz) is a set of prices for machineg, (j) or xz(j), that maximize
the profits of technology monopolists, machine demands from the two sexqt@is,or Xz (j),
that maximize producers’ profits, and factor and product priegswz, pL, and pz, that clear
markets. | now characterize this equilibrium and show that it is unfiqliee levels ofN_ and
Nz will be determined in the next section once | introduce the innovation possibilities frontier of
this economy.

The product markets for the two goods are competitive, so market clearing implies that their
relative price,p, has to satisfy

1

Pz _1-—y[(Yz
PL Yy \YL
The greater the supply of; relative toY| , the lower is its relative pricey. The response of the
relative price to the relative supply depends on the elasticity of substitution,
| choose the price of the final good as the numeraire, so

1
[y +@—p)pz ] =1 ®)

Since product markets are competitive, firms in the labour intensive sector solve the
following maximization problem

NL
max_ (x(j) PLYL —wLL —/(; xL(Hxc(pdj, 9)

taking the price of their produc, , and the rental prices of the machines, denotecgbgj),
as well as the range of machindd,, as given. The maximization problem facing firms in
the Z-intensive sector is similar. The first-order conditions for these problems give machine

demands as
1/8 1/
. PL . pz
= - L d = - Z. 10
X (xm)) and ) (Xz(l)) (10)

These equations imply that the desired amount of machine use is increasing in the price of th
product, p. or pz, and in the firm's employment, or Z, and is decreasing in the price of
the machiney (j) or xz(j). Intuitively, a greater price for the product increases the value of
the marginal product of all factors, including that of machines, encouraging firms to rent more

7. Slow depreciation of machines does not change the BGP equilibrium, and only affects the speed of transitiona
dynamics. For example, if machines depreciate at some exponentid) ratsmopolists will produce the required stock
of machines after the discovery of the new variety, and then will replace the machines that depreciate. The rental pric
will then be a mark-up over the opportunity cost of machines rather than over the production cost. To keep notation to
minimum, | do not consider the case of slow depreciation.

8. Inthis paper, | only characterize equilibrium allocations. The social planner’s solution differs from equilibrium
allocations because of monopoly distortions. However, exactly the same equations, in particular, equations (21) and (26
determine the bias of technology in the social planner’s allocation. Details available upon request.
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machines. A greater level of employment, on the other hand, implies more workers to use the
machines, raising demand. Finally, because the demand curve for machines is downward sloping,
a higher cost implies lower demand.

Next, the first-order condition with respectltoand Z gives the factor rewards as

e m(fNLxL(j)l—ﬁdj)Lﬂ—l and
1-8 0

LA ( / " xzmlﬁdj)zﬂl. (11)
1-8 0

My interest is with the determinants of the direction of technical change. As discussed
above, profit-maximizing firms will generate more innovations in response to greater profits, so
the first step is to look at the profits of the technology monopolists. Recall that each monopolist
faces a marginal cost of producing machines equal.td herefore, the profits of a monopolist
supplying labour-intensive machirjecan be written ag| (j) = (xL(j) — ¥)XL(]). Since the
demand curve for machines facing the monopolist, (10), is iso-elastic, the profit-maximizing
price will be a constant mark-up over marginal cost(j) = % To simplify the algebra,

| normalize the marginal cost i = 1 — 8.% This implies that in equilibrium all machine prices
will be given by x| (j) = xz(j) = 1. Using these prices and the machine demands above, profits
of technology monopolists are obtained as

wL =

wz =

mL = Bp; 1B and w7z = Bp5 Yez. (12)

What is relevant for the monopolists is not the instantaneous profits, but the net present
discounted value of profits. These net present discounted values can be expressed using standal
dynamic programming equations:

rve — \7|_ =L and rVz — VZ =z, (13)

wherer is the interest rate, which is potentially time varying. The equations relate the present
discounted value of future profit¥,, to the flow of profits;r. TheV term takes care of the fact
that future profits may not equal current profits, for example because prices are changing.
To gain intuition, let us start with a steady state where\tterms are Oi(e. profits and the
interest rate are constant in the future). Then,
ﬁpl/ﬁ L ,Bpl/ﬁ Z

vV, = ; and Vz= ; (14)

The greateVz is relative toV|, the greater are the incentives to develdfcomplementary
machinesNz, rather than labour-complementary machings, Inspection of (14) reveals two
forces determining the direction of technical change:

(1) The price effect: there will be a greater incentive to invent technologies producing more
expensive goods, as shown by the fact MatandV_ are increasing ipz and p..

(2) The market size effect: a larger market for the technology leads to more innovation. Since
the market for a technology consists of the workers who use it, the market size effect
encourages innovation for the more abundant factor. This can be seen from the felgt that
andV_ are increasing iz andL.

Notice that an increase in the relative factor sup@ylL, will create both a market size
effect and a price effect. The latter simply follows from the fact that an increag¢ linwill

9. This is without loss of any generality, since | am not interested in comparative statics with respect to
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reduce the relative price = pz/pL. Equilibrium bias in technical change—whether technical
change will favour relatively scarce or abundant factors—is determined by these two opposing
forces19 An additional determinant of equilibrium bias is the form of the innovation possibilities
frontier, which will be introduced in the next section.

Next, it is useful to investigate the strength of the price and market size effects in more
detail. To do this, let us substitute (10) into the production functions, (5) and (6). This gives

1 a-pys 1 a-pys
Y NLL and Y NzZ. 15
L=1"3 Py z2=1"3 Pz (15)
Substituting these into (7) and using some algebra, we obtain the relative price of the two good
as a function of relative technologMz /N , and the relative factor supply,/L:

1— Belo N, Z\ PO
= (57) () a9

wheree is the elasticity of substitution between the two goods,and Yz, while o is the
(derived) elasticity of substitution between the two fact@sndL, defined as

c=e—(—1D(A-p).

Note thats > 1 if and only ife > 1—that is, the two factors are gross substitutes only if the two
goods are gross substitutes.

Now using (14) and (16) and still assuming steady state, we can write the relative
profitability of creating newZ-complementary machines as

o—1
Vz Z 1-— )/ Nz VAN
—< — pl/ﬁ LD = = . a7
V|_ N L Y N|_ L
price e
effect market size

effect

This expression shows that the relative profitability of the two types of innovation are determined
by the price and market size effects. An increase in the relative factor suply,will increase
Vz/VL as long as the elasticity of substitution between factersis greater than 1 and it
will reduceVz/V, if o < 1. Therefore, the elasticity of substitution between the two factors
(and indirectly between the two goods) regulates whether the price effect dominates the marke
size effect so that there are greater incentives to improve the (physical) productivity of scarce
factors, or whether the market size effect dominates, creating greater incentives to improve th
productivity of abundant factors. When the factors are gross substitutes, the market size effec
dominates. And when they are gross complements, the price effect dominates.

Finally, to see another important role of the elasticity of substitution, consider the relative
factor rewardswz /w . Using equations (10) and (11), and then substituting for (16), we have

1 1
wz _ 45Nz _ (1—y\7(Nz\7 (Z\77 18
wL p N|_ ( Y N|_ L ' ( )

First, note that the relative factor rewandz /w| , is decreasing in the relative factor supply,
Z/L. This is simply the usual substitution effect: the more abundant factor is substituted for the
less abundant one, and has a lower marginal product.

10. This discussion emphasizes the role of price and market size effects, while factor prices do not feature
in (14). The early induced innovations literature, instead, argued that innovations would be directed at “more expensive
factors €.g.Hicks (1932), Fellner (1961), Habakkuk (1962)). Using equations (10) and (11), we can re-express (14) as
VL =@ -pB)wL/rNL andVz = (1 — B)wz Z/rNz, which show that an equivalent way of looking at the incentives
to develop new technologies is to emphasize factor cagtandwz (as well as market sizek,andZ). As conjectured
by the induced innovations literature, there will be more innovation directed at factors that are more expensive.
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We also see from equation (18) that the same combination of parameterd, /o, which
determines whether innovation for more abundant factors is more profitable, also determines
whether a greateNz /N increasesvz/wi: wheno > 1, it does, but whew < 1, it has the
opposite effect and reduces the rewardZteelative to labour. This is becaud¢, /N, is the
relativephysicalproductivity of the two factors, not their relativalueof marginal product. The
latter also depends on the elasticity of substitution between the two factors (recall equation (1) in
Section 2). Therefore, as in SectionZ-biased technical change corresponds to an increase in
(Nz/Np)@=D/? not simply to an increase iNz /N . Consequently, whea < 1, a decrease
in Nz /N corresponds t@-biased technical change. This feature, that the relationship between
relative physical productivity and the value of marginal product is reversed when the two goods
(factors) are gross complements, will play an important role in the discussion below.

4. THE SUPPLY OF INNOVATIONS: THE INNOVATION POSSIBILITIES FRONTIER

The previous section outlined how the production side of the economy determines the return to
different types of innovation—the demand for innovation. The other side of this equation is the
cost of different innovations, or using the term introduced by Kennedy (1964), the “innovation
possibilities frontier”. The analysis in this section will reveal that in addition to the elasticity of
substitution, the degree sfate dependenda the innovation possibilities frontier will have an
important effect on the direction of technical change. The degree of state dependence relates ta
how future relative costs of innovation are affected by the current composition of R&D (current
“state” of R&D). | refer to the innovation possibilities frontier as “state dependent” when current
R&D directed at factoZ reduces the relative cost @Fcomplementary R&D in the future.

| follow the endogenous growth literature in limiting attention to innovation possibilities
frontiers that allow steady growth in the long run. Sustained growth requires that the innovation
possibilities frontier takes one of two forms. The first, which Rivera-Batiz and Romer (1991)
refer to as the lab equipment specification, involves only the final good being used in generating
new innovations. With this specification, steady-state growth is generated with an intuition
similar to the growth model of Rebelo (1991) whereby the key accumulation equation is
linear and does not employ the scarce (non-accumulated) factors, such as labour. The seconc
possibility is the knowledge-based R&D specification of Rivera-Batiz and Romer (1991) where
spillovers from past research to current productivity are necessary to sustain growth. It is useful
to distinguish between these two formulations because they naturally correspond to different
degrees oftate dependende R&D.

4.1 The direction of technical change with the lab equipment model
Consider the following production function for new machine varieties
NL=n R and Nz=nzRz, (19)

where R is spending on R&D for the labour-intensive good (in terms of final good), Rnd

is R&D spending for theZ-intensive good. The parametefs andnz allow the costs of these

two types of innovations to differ. The innovation production functions in (19) imply that one
unit of final good spent for R&D directed at labour-complementary machines will gengrate

new varieties of labour-complementary machines (and similarly, one unit of final good directed
at Z-complementary machines will generatg new machine types). A firm that discovers a

new machine variety receives a perfectly enforced patent on this machine and becomes its sole
supplier—the technology monopolist. Notice that with the specification in (19), there is no state
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dependence(dNz/dRz)/(NL/dRL) = nz/nL is constant irrespective of the levels b
andNz.

| start with a balanced growth path (BGP)—or steady-state equilibrium—where the prices
pL and pz are constant, anM, andNz grow at the same rate. This implies that ¥eerms in
equation (13) are 0, andz / V| is constant. Moreover, this ratio has to be equal to the (inverse)
ratio of n’s from (19) so that technology monopolists are willing to innovate for both sectors.
This immediately implies the following “technology market clearing” condittén:

NLTL = nznz. (20)

This condition requires that it is equally profitable to invest money to invent labour-Zand
complementary machines, so that along the BGRandNz can both grow. Defining = nz/nL
to simplify notation and using (12) and (16), this technology market clearing condition can be

solved for
NZ - 1_‘}/ &€ Z o—1
Z=r(=) () - (21)
NL y L

where recall that is the elasticity of substitution between the goodsand ¢ — (¢ — 1)(1— B)
is the elasticity of substitution between the factors. Equation (21) shows that with the direction
of technical change endogenized, the relative bias of technobogyiN, , is determined by the
relative factor supply and the elasticity of substitution between the two factors.

If o < 1,i.e.if the two factors are gross substitutes, an increas®/in will raise Nz /N,
hence the physical productivity of the abundant factor tends to be higher. Moreoveg; sinte
a higher level ofNz/N_ corresponds t@-biased technical change. Therefore, technology will
be endogenously biased in favour of the more abundant factor.

Wheno < 1,i.e.when the two factors are gross complements, equation (21) implies that
Nz /N is lower whenZ /L is higher. Nevertheless, because< 1, this lower relative physical
productivity translates into a highealue of marginal product. Therefore, even when< 1,
technology will be endogenously biased in favour of the more abundant factor, giving us the
“weak induced-bias hypothesisZ.

Next consider factor prices. Using equations (18) and (21), we obtain

e o2
() ()
wL y L

Comparing this equation to (18), which specified the relative factor prices as a function of
relative supplies and technology, we see that the response of relative factor rewards to chang
in relative supply is always more elastic in (22)— 2 > —1/0. This is not surprising given the
LeChatelier principle, which states that demand curves become more elastic when other factol
adjust. Here, the “other factors” correspond to the machine variitiesndNz.

The more surprising result is the “strong induced-bias hypothesis”: thatsifsufficiently
large, in particular ilr > 2, the relationship between relative factor supplies and relative factor
rewards can be upward sloping. Intuitively, with exogenous technology when a factor become:
more abundant, its relative reward fallg. given Nz /N, wz /w| is unambiguously decreasing
in Z/L due to the usual substitution effect (see equation (18)). Yet, because technology is
endogenously biased towards more abundant factors, the overall effect of factor abundance c
factor rewards is ambiguous.

11. This condition assumes no corner solution (where R&D would be directed only towards one of the factors),
but does not rule out the economy converging to a long-run equilibrium with only one type of innovation.

12. The exception to this result is when= 1, i.e. when the production function is Cobb—Douglas. In this case,
the elasticity of substitution is equal to 1, and technical change is never biased towards one of the factors (unless differe:
types of technical change affeetdifferently).
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Next define the relative factor shares as

Z 1 _ & Z o—1
ZotEs oyt X) (£ (23)
SL wy L Y L

which implies that, with endogenous technology, the share of a factor in GDP will increase in
the relative abundance of that factor as longras 1.

For completeness, it is also useful to determine the long-run growth rate of this economy.
To do this, note that the maximization of (3) impligs = 6~1(r — p), whereg. is the growth
rate of consumption and recall thais the interest rate (though there is no capital, agents are
delaying consumption by investing in R&D as a function of the interest rate). In BGP, this growth
rate will also be equal to the growth rate of outpgit,Sor = 6g + p. Next, using (14), the
free-entry condition for the technology monopolists working to invent labour-complementary
machines is obtained ag V| = 1. In steady state, this condition impliagﬂpﬁ/ﬁL/r =1
Now using (8), (16), and (21) to substitute for, we obtair®

_1
9=0"1B[A -y nzZ)" L+ y (L)’ 7T — p).

Finally, it is useful to briefly look at the behaviour of the economy outside the BGP. It
is straightforward to verify that outside the BGP, there will only be one type of innovétion.
If nVz/VL > 1, there will only be firms creating new-complementary machines, and if
nVz/VL < 1, technology monopolists will only undertake R&D for labour-complementary
machines. Moreovel/z/V is decreasing ifNz/N_ (recall equation (17)). This implies that
the transitional dynamics of the system are stable and will return to the BGP. WheN_
is higher than in (21), there will only be labour-augmenting technical change until the system
returns back to balanced growth, and vice versa wlgyN, is too low.

4.2, The direction of technical change with knowledge-based R&D

With the lab equipment model of the previous subsection, there is no state dependence. |
now discuss an alternative specification which allows for potential state dependence. In the
lab equipment specification there are no scarce factors that enter the accumulation equation of
the economy. If there are scarce factors used for R&D, then growth cannot be maintained by
increasing the amount of these factors used for R&D. So for sustained growth, these factors need
to become more and more productive over time. This is the essence of the knowledge-based
R&D specification, whereby spillovers imply that current researchers “stand on the shoulder of
giants”, ensuring that the marginal productivity of research does not decline. Here for simplicity,

| assume that R&D is carried out by scientists, and there is a constant supply of scientists equal
to S.15 If there were only one sector, the knowledge-based R&D specification would require that
N/N o S(proportional toS). With two sectors, instead, there is a variety of specifications with
different degrees of state dependence, because productivity in each sector can depend on the sta
of knowledge in both sectors. A flexible formulation is

: 1+8)/2 \(1-68)/2 : 1-8)/2 \ (1+68)/2
NL = e NFYANGD72g 0 and Nz = gz NTVANGHPs,, (24)

whereé < 1 measures the degree of state dependence. When 0, there is no state
dependencedNz/9S7)/(INL/0S.) = n irrespective of the levels dili and Nz—because

13. The no-Ponzi game condition requires ttiat- 6)g < p.

14. See Proposition 1 in Acemoglu and Zilibotti (2001) for a formal proof that only one type of innovation will
take place outside the BGP and for a proof of global stability in a related model. The proof here is identical.

15. The results generalize to the case where the R&D sector uses labour (oZ ighaken to be skilled labour, a
combination of skilled and unskilled labour), but the analysis of the dynamics becomes substantially more complicated.
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both N and Nz create spillovers for current research in both sectors. In this case, the results
are very similar to those in the previous subsection. In contrast, Wwhen 1, there is an
extreme amount of state dependen@z/dRz)/(INL /89S ) = nNz/N., so an increase in
N_ today makes future labour-complementary innovations cheaper, but has no effect on the co:
of Z-complementary innovations.

The condition for technology market clearing in BGP now changes to

MNP = nzN3nz. (25)

When § = 0, this condition is identical to (20) from the previous subsection. Solving
condition (25) together with equations (12) and (16), we obtain the equilibrium relative

technology as
& o—1
Nz o (1—y\T% (Z\ 15
L g 2 = . 26
NL 1 ( Y > ( L ) (26)

Now the relationship between the relative factor supplies and relative physical productivities
depends ord. This is intuitive: as long a8 > 0, an increase ifNz reduces the relative cost

of Z-complementary innovations, so to restore technology market equilibrigmgeeds to fall
relative torr, andNz /N needs to increase more. Substituting (26) into (18) gives

(1-d)e o—2448

o— 1 — 1-50 Z 1-50
Yz _ 5 ( V) (_> _ 27)
wi y L
Relative factor shares are then obtained as
7 1 (i—g)g 7 a—%JréS—an

S o-1 — =50 —50
2 _ %z _ (Y =z . (28)
SL w L Y L

It can be verified that wheé = 0, when there is no state dependence in R&D, these equations
are identical to their counterparts in the previous subsection.

The growth rate of this economy is determined by the number of scientists. In BGP, both
sectors grow at the same rate, so we nBigdN,. = Nz/Nz, or nzN5'S; = n N/ 71s,
which givesS. = (nz(Nz/NL)*"1S)/(nz + nL(Nz/NL)*™1), andg = (n.nzS)/(nz(Nz/
NL)@=972 + i (Nz/NL)@=D72) with Nz /Ni given by (26).

State dependence in this knowledge-based R&D specification implies that the dynamics o
the system can be unstable. In particular, there will now only be labour-augmenting technica
change ifyN3Vz/N? VL < 1, and onlyZ-augmenting technical changerifNy Vz/Ni Vi > 1.
However,nN$Vz /N2, is not necessarily decreasingity /N . Inspection of (17) shows that
this depends on whether < 1/8 or not. Wheno < 1/8, 3(N3Vz/N?V{)/a(Nz/NL) < 0
and transitional dynamics will take us back to the BGP. In contrast, whenl/s, equilibrium
dynamics are unstable and will take us to a corner where only one type of R&D is undertaken
Intuitively, a greatemNz /N creates the usual price and market size effects, but also affects the
relative costs of future R&D. 18 is sufficiently high, this latter effect becomes more powerful
and creates a destabilizing influence. For example, in the extreme state dependence case wh
8 = 1, the system is stable only when< 1, i.e. when the two factors are gross complements.

In what follows, | restrict my attention to cases where the stability condition is satisfied, so
we haves < 1/8. Next, note from equation (27) that the relationship between relative supplies
and factor prices depends on whether

o>2-46. (29)

If (29) is satisfied, an increase in the relative abundance of a factor raises its relative margina
product. Wher$ = 0, this condition is equivalent & > 2, which was obtained in the previous
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subsection. It is also clear that whén= 1, (29) implies that > 1/§, so the long-run relative
demand curve cannot be upward sloping in a stable equilibrium. However, for all valéiéesssf
than 1, the conditions < 1/§ ando > 2 — § can be satisfied simultaneously. So the general
conclusions reached in the previous subsection continue to apply as l8ng asin fact, some
degree of state dependence makes it more likely that long-run demand curves slope up.

The case of extreme state dependeidce; 1, on the other hand, leads to an interesting
special result. In this case, to have innovations for both sectors, we need equation (28) to be
satisfied, which impliesz /s, = wzZ/w L = 51 (and in addition, we need < 1 for
stability). Technical change is therefore acting to equate relative factor shares, as conjectured
by Kennedy (1964), who suggested that induced innovations will push the economy towards
constant factor shares (see also Samuelson (1965), Drandakis and Phelps (1965)). Here we fin
that this result is obtained when the innovation possibilities frontier takes the form given in (24)
with an extreme amount of state dependeiice, 1.

4.3. Discussion

The analysis so far has highlighted two important determinants of the direction of technical
change. The first is the degree of substitution between the two factors. When the two factors
are more substitutable, the market size effect is stronger, and endogenous technical change i
more likely to favour the more abundant factor. The second determinant of the direction of
technical change is the degree of state dependence in the innovation possibilities frontier. To
clarify the main issues, | kept the analysis as simple as possible. | now briefly discuss a number
of possible generalizations, and some issues that arise in using this model to think about the real
world.

The first issue to note is that the model here exhibits a “scale effect” in the sense that as
population increases, the growth rate of the economy also increases. Jones (1995) convincingly
shows that there is little support for such a scale effect, and instead proposes a model where
steady growth in incomeer capitais driven by population growth. Since the scale effect is
related to the market size effect | emphasize here, one might wonder whether, once we remove
the scale effect, the market size effect will also disappear. The answer is that the scale effect and
the market size effect emphasized here are distinct, and a very natural formulation removes the
scale effect while maintaining the market size effect. Briefly, consider the following form of the
innovation possibilities frontielN, = nL NﬁSL andN,_ = 7z N%Sz, wherei € (0, 1]. As long
as)i < 1, as in Jones (1995), there is no scale effect, and the long-run rate of growth of the
economy im/(1 — A), wheren is the rate of population growth. However, all the results on the
direction of technical change obtained above continue to apply, with the only difference that in
all the equations from Section 4.2replaces.

Second, the analysis here emphasizes profit-motivated R&D. In practice, there are important
advances, perhaps including some of the most major scientific discoveries, that are not purely
driven by profit motives. Introducing such non-profit-motivated innovations into this framework
is straightforward. One possibility would be that non-profit motives drive what Mokyr (1990)
refers to as “macro-innovations”, or what Bresnahan and Trajtenberg (1995) call “general-
purpose technologies”, while the profit motives determine how these macro-innovations are
developed for commercial use. Via this channel, it will be the profit motives that shape the
direction of technical change. Another possibility is to assume that as well as profit-driven
innovations, there is some “technology drift”. For example, the innovation possibilities frontier
could take the formN. = & N + n. R andNz = £zNz + 5z Rz, where thet, andé&z
terms capture the technology drift, that is, improvements in technology that are unrelated to
R&D directed at different types of innovation. The presence oktterms does not change the
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marginal return to different types of innovation, and for an equilibrium in which there are both
types of R&D, we still need the innovation equilibrium condition, (20), to hold.

Third, the analysis so far treated factor suppliegndZ, as given. Clearly, these supplies
can, and typically will, respond to relative prices. | briefly discuss the case vitheoeresponds
to capital and accumulates in response to the interest rate in Section 6.1.Z\dweresponds
to skilled labour, the relative price d, wz/w_, will determine the relative supplyZ /L. |
analysed this case in Acemoglu (1998Here, it suffices to note that standard arguments imply
an upward sloping relative supply of skills,g. Z/L = f(wz/wL), so when the relative
demand for skills is upward sloping, an exogenous increasg/in will increasewz/w,
encouraging further accumulation of skills, and yet more skill-biased technical change. Note als
that when the demand for skills is sufficiently upward sloping, the relative supply and the relative
demand curves could intersect more than once, and multiple long-run equilibria are possible (se
Acemoglu (1998)).

Finally, it is useful to briefly discuss empirical evidence on the degree of state dependence
To the best of my knowledge, there has been no direct investigation of this issue. The data o
patent citations analysed by, among others, Jaffe, Trajtenberg and Henderson (1993), Trajtenbel
Henderson and Jaffe (1992) and Caballero and Jaffe (1993) may be useful in this regard. The:
papers study the extent of subsequent citations of patents and interpret a citation of a previol
patent as evidence that a current invention is exploiting information generated by this previou:s
invention. This corresponds to the presencéNpfand Nz terms in equation (24) in the model
here. Patent citations data can be used to investigate whether there is state dependence at
industry level. Unfortunately, it is currently impossible to investigate state dependence at the
factor level, which is more relevant for the discussion here. This is because, although we havi
information about the industry for which the patent was developed, we do not know which factor
the innovation was directed at. In any case, the results reported in Table 1 of Trajtehbérg
(1992) suggest that there is some limited amount of industry state dependence. For exampl
patents are likely to be cited in the same three-digit industry from which they originated; but on
average, they are more often cited in a different three-digit industry (see below).

5. APPLICATIONS (WITH LIMITED STATE DEPENDENCE)

In this section, | discuss some of the applications of directed technical change. | will emphasize
both why models with endogenously biased technical change are useful in thinking about a rang
of problems and how the results depend on the elasticity of substitution. | start with a range of
applications where a formulation with limited state dependeinedhe case witld < 1, appears

to be more appropriate.

5.1 Endogenous skill-biased technical change

Figure 1 plots a measure of the relative supply of skills (the number of college equivalent workers
divided by noncollege equivalents) and a measure of the return to skills (the college prérhium).

It shows that over the past 60 years, the U.S. relative supply of skills has increased rapidly, an
in the meantime, the college premium has also increased. The figure also shows that beginnir
in the late 1960's, the relative supply of skills increased more rapidly than before. In response

16. See Heckman, Lochner and Taber (1998) for a more detailed analysis of the response of the supply of skills t
an increase in the returns to skills.

17. The samples are constructed as in Katz and Autor (2000). See Katz and Autor (2000) or Acemoglu (2002) for
details.
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the skill premium fell during the 1970’s, and then increased sharply during the 1980’s and the
early 1990’s.

Existing explanations for these facts emphasize exogenous skill-biased technical €hange.
Technical change is assumed to naturally favour skilled workers, perhaps because new tasks
are more complex and generate a greater demand for skills. This skill bias explains the secular
behaviour of the relative supply and returns to skills. Moreover, the conventional wisdom is that
there has been an acceleration in the skill bias of technology precisely around the same time as
the relative supply of skills started increasing much more rapidly. This acceleration explains the
increase in the skill premium and wage inequality during the 1980’s.

A model based on directed technical change suggests an alternative explanation. Suppose
that the second factor in the model abo¥eg,is skilled labour. Also assume that the innovation
possibilities frontier is given by (24), so that we are in the knowledge-based R&D model.
This is without any loss of generality since for the focus here, the lab equipment specification
corresponds to the case with= 0 in terms of (24). Then, equation (26) from Section 4 gives the
equilibrium skill bias and equation (27) gives the long-run skill premium.

The results above, in particular equation (26) and the weak induced-bias hypothesis, imply
that the increase in the supply of skills creates a tendency for new technologies to be skill biased.
This offers a possible explanation for the secular skill-biased technical change of the twentieth
century irrespective of the value of the elasticity of substitutiofas long as it is not equal to 1),
since the predictions regarding induced skill-biased technical change do not depend on whether
the long-run relative demand curve for skill is upward sloping.

Equally interesting, ib > 2 — §, then we have the strong induced-bias hypothesis: now
the long-run relationship between the relative supply of skills and the skill premium is positive,
and greater skill abundance leads to a greater skill premium. Intuitivelypwdlge enough, the
market size effect is so powerful that it not only dominates the price effect on the direction of
technical change, but also dominates the usual substitution effect between skilled and unskilled
workers at a given technology (as captured by equation (18) above). As a result, an increase in
the relative supply of skills makes technology sufficiently skill biased to raise the skill premium.

In this case, the framework predicts sufficiently biased technical change over the past 60 years to
actually increase the skill premium, consistent with the pattern depicted in Figure 1.

The strong induced-bias hypothesis, the case witlr > 2 — §, also offers an explanation
for the behaviour of the college premium during the 1970’s and the 1980’s shown in Figure 1.
Suppose that the economy is hit by a large increagd jh. If this increase is not anticipated
sufficiently in advance, technology will not have adjusted by the time the supply of skills
increases. The initial response of the skill premium will be given by equation (18) which takes
technology as given. Therefore, the skill premium will first decline, but then as technology starts
adjusting, it will rise rapidly. Figure 3 draws this case diagramaticdlly.

This framework also provides a possible explanation for why technical change during the
late eighteenth and early nineteenth centuries may have been biased towards unskilled labour
The emergence of the most “skill-replacing” technologies of the past 200 years, the factory

18. For example, Autoet al. (1998), Galor and Maov (2000) or Krusell, Ohanian, Rios-Rull and Violante (2000).

19. There was also a very large increase in educational attainment in the U.S. during the first half of the century.
High school enrolment and graduation rates doubled in the 19&@sGoldin and Katz (1995)). The skill premium
fell sharply in the 1910's. But, despite the even faster increase in the supply of high school skills during the 1920's, the
skill premium levelled off and started a mild increase. Goldin and Katz (1995) conclude that the demand for high school
graduates must have expanded sharply starting in the 1920’s, presumably due to changes in office technology and higher
demand from new industries such as electrical machinery, transport and chemicals (see also Goldin and Katz (1998)).
Therefore, this historical episode also suggests that the demand for skills expanded sharply in response to the increase
in the supply of skills, giving empirical support to the weak induced-bias hypothesis. However, it does not support the
strong induced-bias hypothesis.
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FIGURE 3

Short-run and long-run responses of the skill premium to an increase in the relative supply of skills when condition (29)
is satisfied

system, coincided with a substantial change in relative supplies. This time, there was a larg
migration of unskilled workers from villages and Ireland to English cities and a large increase
in population (see, for example, Habakkuk (1962), Bairoch (1988) or Williamson (1990)). This
increase created profit opportunities for firms in introducing technologies that could be used with
unskilled workers. In fact, contemporary historians considered the incentive to replace skilled
artisans by unskilled labourers as a major objective of technological improvements of the period
Ure, a historian in the first half of the nineteenth century, describes these incentives as follows
“It is, in fact, the constant aim and tendency of every improvement in machinery to supersede
human labour altogether, or to diminish its costs, by substituting the industry of women and
children for that of men; of that of ordinary labourers, for trained artisans.” (quoted in Habakkuk
(1962, p. 154)). The framework developed here is consistent with this notion that the incentives
for skill-replacing technologies were shaped by the large increase in the supply of unskilled
workers.

Therefore, this model provides an attractive explanation for the skill-replacing technical
change of the nineteenth century, the secular skill bias of technology throughout the twentiett
century, and the recent acceleration in this skill bias. In additien ¥ 2 — §, it explains both
the increase in the skill premium over the past 60 years and its surge during the past 25 yeal
without invoking any exogenous change in technology.

What is the empirically plausible range fer— 2 + §? First note that Figure 1 suggests the
demand for skills over the past 50 years has increased somewhat faster than the supply of skill
In the context of the model here, this requises 2+ § and(oc — 2+ 8)/(1— 80) to be positive,
but not too large. The elasticity of substitutian, is generally difficult to estimate, but there
is a relatively widespread consensus that the elasticity between skilled and unskilled workers i
greater than 1, most likely, greater than 1.4, and perhaps as large as 2 (see, for example, Freern
(1986)). An interesting study by Angrist (1995) uses a “natural experiment” arising from the
large increase in university enrolments for Palestinian labour. His estimates imply an elasticity of
substitution between workers with 16 years of schooling and those with less than 12 of schoolin
of approximatelyy = 2.

What abouts? Unfortunately, the magnitude of this parameter is much harder to ascertain.
The best we can do is to make a very rough guess based on the evidence presented by Trajtenb
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etal (1992). Looking at patent citations, they construct an index of whether a patent from a given
industry is citing patents from the same industry. Their index, TECHF, takes the value 0 when
the citing and originating patents are in the same three-digit industry, the v@88evbien they

are in the same two-digit industry, the valué® when they are in the same one-digit industry,
and the value 1 if they are not even in the same one-digit industry. The average of TECHF in their
sample is approximately-81, implying that there is some limited degree of state dependence at
the industry level. On the basis of this, a plausible valueSfaould be less than-81, perhaps

0-2 (though, of course, it is possible that state dependence at the factor level is greater than that a
the industry level). Combining = 0-2 with o = 1.4, we obtainc —2+68)/(1— o) = —0.55,

while combining it withe = 2, we obtain(c — 2 + §8)/(1 — §o) = 0-33. So with relatively
limited state dependence, the plausible range of the long-run elasticity of the skill premium with
respect to the relative supply of skills would lie betweed55 and 633, compared to the range

of the short-run elasticity off0-7, —0-5]. As we consider greater values &fthe range of the
long-run elasticity shifts to the rigif.

5.2 Directed technical change and cross-country income differences

Many less developed countries (LDCs) use technologies developed in the U.S. and other OECD
economies (the North). A number of economists, including Atkinson and Stiglitz (1969), David
(1975), Stewart (1977), Basu and Weil (1998), have pointed out that imported technologies may
not be “appropriate” to LDCs’ needs. Directed technical change increases these concerns: it
implies that technologies will be designed to make optimal use of the conditions and factor
supplies in the North. Therefore, they will be highly inappropriate to the LDCs’ needs (Acemoglu
and Zilibotti, 2001). Because it is still often profitable for the LDCs to use these technologies
rather than develop their own, the extent of directed technical change will determine how
inappropriate technologies used by the LDCs’ are to their needs. Via this channel, directed
technical change will influence the income gap between the North and the LDCs. | now use
the above framework to discuss this issue.

Suppose that the model outlined above applies to a country | refer to as “the North” (either
the U.S. or all the OECD countries as a whole). Also to simplify the algebra, | now focus on
the case with no state dependeiéce 0, though all the results generalize to the case of limited
state dependence immediately. Suppose also that there is a set of LDCs in this world economy
that will use the technologies developed in the North. Take be skilled labour, though for the
results in this subsection, it could also stand for physical capital. For simplicity, | take all of these
countries to be identical, with” unskilled workers andH’ skilled workers.

A key characteristic of the LDCs is that they are less abundant in skilled workers than the
North, soH’/L’ < H/L. | assume that all LDCs can copy new machine varieties invented in the
North, but firms face a price af#/(1=#) rather than 1 as in the North. This cost differential may
result from the fact that firms in the LDCs do not have access to the same knowledge base as the
technology monopolists in the North. Also, there is no international trade between the North and
the LDCs.

An analysis similar to above immediately gives the LDC output levels (recall equation (15)):
Y, = (p)EA/BNLL /(1 - B) andY], = (py)TP/BkNuH'/(1 — B), wherep”s denote
prices in the LDCs, which differ from those in the North because factor proportions are different
and there is no international trade. The parametéFatures in these equations since machine

20. Finally, to see another reason why for this application the model with of limited state dependence is more
relevant, recall from equation (28) thatsif= 1, in the long run we would havey /s, = nL. Therefore, the relative
shares of skilled and unskilled labour in GDP whould be constant. This is clearly not consistent with the pattern depicted
in Figure 1, where both the number of skilled workers and their relative renumeration have been increasing over time.
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costs are different in the LDCs. It is natural to think«ofs less than 1, so that machine prices
are higher and fewer machines are used in the LDCs than in the North. Notice also that the
technology termsiN. andNy, are the same as in the North, since these technologies are copied
from the North. Using this equation and (4) and (15), the ratio of aggregate income in the LDCs
to that in the North can be written as

v K[y((p’L)“—ﬂ)/f’ NLL) T (L ) (k) /7 Ny H’)*T l

— = . (30)
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Some tedious algebra (see Acemoglu (2001)) shows that

aY'/Y 0(1—,3<&>_0<<H_/>a_(ﬂ>a). 31)
dNp/NL o N L’ L

SinceH’/L’ < H/L, this expression implies that when > 1, i.e. when the two factors are
gross substitutes, an increaseNp /N| raises the income gap between the LDCs and the North
(i.e.reducesy’/Y). In contrast, whew < 1, so that the two factors are gross complements, an
increase iy /N narrows the income gap. The intuition for both results is straightforward. An
increase iNNy /N increases the productivity of skilled workers relative to the productivity of
the unskilled. Therefore, everything else equal, a society with more skilled workers benefits more
from this type of technical change. However, this change also affects the relative scarcity, anc
therefore the relative price, of the two goods. In particular, the skill-intensive good becomes more
abundant and its relative price falls. When> 1, this effect is weak, and the North still gains
more in proportional terms, and the ratio of LDC income to income in the North falls. However,
wheno < 1, the price effect is strong, and as a result, in proportional terms, the skill-abundant
North benefits less than the LDCs.

Next, recall that whew > 1, an increase itNy /N corresponds to skill-biased technical
change, while withr < 1, itis a decrease iNy /N_ that is skill biased. Therefore, irrespective
of the value ofr, skill-biased technical change increases the income gap between the LDCs anc
the North. This extends the results in Acemoglu and Zilibotti (2001) to a slightly more general
model, and also more importantly, to the case where the two factors are gross complements.

Now to highlight the role of directed technical change, contrast two polar opposite
situations. First, suppose that there are no intellectual property rights enforced in the LDCs
so LDC firms pay no royalties to R&D firms in the North. This implies that new technologies are
developed for the Northern market, equation (21) appliesNgdN_ (H/L)%. Contrast
this situation with an alternative where new technologies can also be sold in the LDC markets or
exactly the same terms as in the North. In this case the equilibrium technologies would satisfy
Np/NL oc (HW/LW) %5 whereHW /LW = (H +«cH’)/(L +« L") is the world (effective) ratio
of skilled to unskilled workers. The parameiefeatures in this equation because it parameterizes
the relative productivity/demand for machines of LDC workers.

By the assumption that’/L’ < H/L, we haveHW /LW < H/L. This implies that, as a
direct implication of the weak induced-bias hypothesis, equilibrium technologies will be too skill
biased for the LDCs. In particular, when> 1, technologies developed in the North will feature
too high a level ofNy /N for the LDCs’ needs, and when < 1, technologies developed in
the North will feature too low a level dfly /N for the LDCs (which again corresponds to more
skill-biased technology). Hence, irrespective of the value of the elasticity of substitution, directed
technical change, by making technologies in the North too skill biased for the LDCs, creates &
force towards a larger income gap between the rich and the poor. This result is intuitive: there ari
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more skilled workers in the North, and directed technical change induces technology monopolists
in the North to develop technologies appropriate for skilled workieeswheno > 1, higher

Nnx /N, and whens < 1, lower Ny /N ). These skill-biased technologies are less useful for
LDCs, so LDCs benefit less than the North, and the income gap is larger than it would have been
in the absence of directed technical chafbe.

5.3 The effect of international trade on technical change

The literature on trade and growth shows how patterns of international trade affect the rate
of technical changee(g. Grossman and Helpman (1991)). Similarly, when the direction of
technical change is endogenous, changes in the amount of international trade may affect the
type of technologies that are developed. This may be relevant for current economic concerns, for
example because, as claimed by Wood (1994), trade opening may have affected wage inequality
through its effect on “defensive” innovatioRs.

To address these issues, consider the same set-up as in the previous subsection with a se
of LDCs that can copy innovations from the North and let us again focus on the case of no
state dependencéd. § = 0 or the lab equipment specification). Assume first that there is
no international trade, so the equilibrium characterized in the previous subsection applies. In
particular, the relative price of skill-intensive goods in the North is given by equation (16),
and the skill premium is given by an equation similar to (18). When skill bias of technology
is endogenized\y /N is given by (21).

Next, suppose that there is opening to international trade, with both goods traded costlessly.
Assume that the structure of intellectual property rights is unchanged as a result of this
trade opening. International trade will generate a single world relative price of skill-intensive
goods,p". To determine this price, note that the total supply of skill-intensive goods will be
(PHEA/BENY(H + kH')/(1 — B), and the total supply of labour-intensive goods will be
(pY)YA=A/BENW (L + kL") /(1 - B). Using these expressions and equation (7), the world relative

price is obtained as
W_(l—y)’i<NxV(H +KH’)>— _(1—y>€(A1N,\_’|\’H)_5 )
P Y NW(L +«L" 1% NYL )

where the last equality defines= (H/L)/((H + «H")/(L 4+ «L’)) > 1. The fact thak > 1
follows from H’/L’ < H/L. | also use the notatioN}) and N\ to emphasize that world
technologies may change from their pre-trade levels in the North as a result of international
trade.

Since skills are scarcer in the world economy than in the North alone, trade opening
will increase the relative price of skill-intensive goods in the Noith, p¥ > p. This is a
straightforward application of standard trade theory. What is different here is that this change in
product prices will also affect the direction of technical change. Recall that the two forces shaping
the direction of technical change are the market size effect and the price effect. Because trade
does not affect the structure of intellectual property rights, the market sizes for different types
of technologies do not change. But product prices are affected by trade, so the price effect will
be operational. Since the price effect encourages innovations for the scarce factor, international

are

21. Reality presumably lies somewhere in between, with imperfect intellectual property rights enforcement in the
LDCs. It is straightforward to generalize the results to that case, and show that technologies in that case will also be too
skill biased for the LDCs compared to the case of full property rights enforcement (see Acemogla))1999

22. This point is also suggested in Acemoglu (1998) and analysed in detail in Acemogla)1¥892001)
extends the set-up of Acemoglu (1299which | use here, to have both goods employ both factors.
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trade, by making skills more scarce in the North, will induce more innovations directed at skilled
workers.

To see this more formally, once again consider the case of no state dependence ineR&D (
the lab equipment specification, or (24) wéth= 0). For the technology market to clear, we need
condition (20) to be satisfied. Combining the relative price of skill-intensive goods, now given
by (32), with technology market clearing condition (20), we obtain

NW 1_ & H o—1
H = n0x<—y> (_> . (33)
N Y L

Comparing this equation to (21), we see immediately that, becausel, trade increases the
physical productivity of skilled workers more than that of unskilled workers. As usual, this
increase iy /N may not correspond to skill-biased technical change 1.

To study the effect of this induced change in technology on factor prices, first note that (32)
implies that without a change in technology trade opening would increase the skill premium in
the North to

o—1

£ 1
WH wiy1/8 NH 1—y\o. 1(Nu) o (HY) ¢
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Comparing this equation to (18) from before, we see that trade opening necessarily increases tl
skill premium, which is a simple application of standard trade theory.
With directed technical change, the skill premium in the North, instead, changes to

whH _ (pw)l/ﬂﬂ _ na—u(l__?’)E(ﬂ)Gz. (35)

wi NWY y L
This equation differs from (34) because the skill bias of technology is now given by (33) rather
than being held constant at the pre-trade level.

Comparing the post-trade skill premium, (35), to the skill premium before trade opening
(e.g.equation (22)), we see that irrespective of whethes 1 or not, trade opening increases
the skill premium. However, comparing equations (34) and (35) shows that the trade-inducec
technical change will increase the skill premium by more than predicted by the standard trade
theory only whenos > 1. The intuition for this result is also simple: expression (33) shows
that trade will induce technical change to increase the relative physical productivity of skilled
workers. An increase in relative physical productivity translates into skill-biased technical change
only wheno > 1. Therefore, we obtain the result that, as conjectured by Adrian Wood,
trade opening could induce skill-biased technical change and increase wage inequality mor
than predicted by standard trade theory. Yet, this conclusion is obtained only when skilled anc
unskilled workers are gross substitutes (which appears to be the empirically relevant case).

5.4. The Habakkuk hypothesis

According to the Habakkuk (1962) hypothesis, the rapid technical change or technology
adoption in the U.S. economy during the ninteenth century (especially relative to the British
economy) resulted from the relative labour scarcity in the U.S., because labour scarcity increase
wages, and encouraged firms to develop and adopt labour-saving technologies. Despite tt
prominence of this hypothesis in the economic history literature, there has been no widely
accepted formalization of the argument, and we are consequently unaware of under whe
circumstances Habakkuk’s conclusion would apply (seePavid (1975)). In addition, standard

economic theory suggests that higher wages may reduce investment, and via this channe
discourage innovation. Moreover, in contrast to the basic premise of the Habakkuk hypothesis
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the endogenous growth literature emphasizes the presence of a scale effect which suggests the
a larger workforce should encourage more innovation. Could the Habakkuk hypothesis be valid
despite these countervailing effects?

To discuss this case, suppose tHahow stands for land. Moreover, assume that= 0,
which implies that there are no land-complementary innovations. The only source of technical
change is labour-complementary innovations. The rest of the set-up is the same as before, anc
to economize on space, | will only study the lab equipment specification. The question is: under
what circumstances will greater labour scarcity (smdllgZ) lead to a higher level ol —i.e.
to more innovations?

From (14), the free-entry condition for technology monopolistsyY, = 1, implies
nL,Bpi/ﬂL/r = 1. Now using (8) and (16), this condition gives
N ca -0y 71

mﬂ[A(%) L= 7 + ySL"‘l] =r, (36)

where A is a suitably defined constant. Inspection of equation (36) immediately shows that
dNL/0Z > 0. Therefore, a greater abundance of land (for a given level of employment) always
encourages the creation of more labour-complementary technologies. So comparing the U.S. to
Britain, as Habakkuk did, leads to the conclusion that there should be faster technical change in
the more land-abundant U.S.

On the other hand, the sign &N /dL—i.e. the effect of labour scarcity for a given
supply of land—is ambiguous. ¥ > 1, so that labour and land are gross substitutes, it can
be verified thad N_ /oL > 0, hence in this case, greater scarcity of labour (for a given supply of
land) discourages the development of new technologies. In contrasts iufficiently smaller
than 1,i.e.if labour and land are sufficiently complementary, we can lieNg/dL < 0. This is
intuitive. A greater scarcity of labour creates two forces: the price of the labour-intensive good
is higher, but also the market size for labour-complementary technology is smaller. Which force
dominates depends on the strength of the price effect, which is again a function of the degree of
substitutability. Ifoe > 1, the price effect is less powerful and we obtain the opposite of the result
conjectured by Habakkuk—it is not labour scarcity, but labour abundance that spurs innovation
(for a given quantity of land). However, with sufficient complementarity between labour and
land, the model gives the result conjectured by Habakkuk—greater labour scarcity leads to
faster innovation. Therefore, in this framework the Habakkuk hypothesis requires labour and
land to be highly complementary. Since the focus of Habakkuk’s analysis was technical change
in agriculture and low-tech manufacturing, the assumption of a high degree of complementarity
between labour and other inputs may be realistic.

6. TECHNICAL CHANGE WITH EXTREME STATE DEPENDENCE

| have so far discussed a number of applications of directed technical change with limited state
dependence. In this section, | discuss two applications where extreme state depehdefice,
may be more appropriate.

6.1 Why is long-run technical change labour augmenting?

Consider another regularity discussed in the introduction: the share of labour and capital have
been approximately constant in U.S. GDP, while the capital-labour ratio has been increasing
steadily. This suggests that technical change has been mostly labour augmenting (unless the
elasticity of substitution between capital and labour happens to be exactly equal to 1). Can a
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model of directed technical change be useful in thinking about why aggregate technical chang
appears to be labour augmenting?

To provide an answer to this question, suppose thabrresponds to physical capifal.
Assume also thaZ = K is growing over time due to capital accumulation. Let us start with the
flexible innovation possibilities frontier given by (24), whér@arametrizes the degree of state
dependence. Then equation (28), withreplacingZ, implies that unless = 1 (the elasticity
of substitution exactly equal to 1), 6r= 1 (extreme state dependence), factor shares will not
be constant: with the capital-labour ratio growing, the share of capital will be contracting or
expanding, and there exists no BGP. This implies that neither the lab equipment specificatiol
nor the knowledge-based R&D specification with limited state dependence are consistent with :
constant capital share or with purely labour-augmenting technical change.

For all technical change to be (endogenously) labour augmenting, we thereforg seked
In Acemoglu (1998), | show that when the innovation possibilities frontier takes the form
in (24) with § = 1 and the elasticity of substitution is less than 1, there exists a unique
equilibrium path tending to a BGP with only labour-augmenting technical change. This result can
be interpreted as either a positive or negative one: on the positive side, it shows that it is possibl
to construct a model where equilibrium long-run technical change is labour augmenting, ever
though capital-augmenting technical change is also allowed. Moreover, the economy converge
to this equilibrium, and on the transition path, there will typically be capital-augmenting technical
change. On the negative side, it shows that this result obtains only when there is an extrem
amount of state dependence in R&i®, 5§ = 1,24 and when the elasticity of substitution between
labour and capital is less tharfd.

6.2 Wage push and technical change

Finally, | use the above framework to investigate the technological implications of a “wage-
push shock”, which Blanchard (1997) and Caballero and Hammour (1998) argue took place ir
continental Europe starting in the late 1960's. Consider the above frameworl witlkerpreted

as capital,K, and as in the previous subsection, focus on the case with the elasticity of
substitution less than 1e.0 < 1. In addition, in order to study the implications of wage push,
let me introduce a quasi-labour supply functidn:= m(s.), wheres, is the relative labour
share, and | assum®’ > 0, so that a higher labour share leads to greater labour s¢fhipty.
simplify the algebra, | further specialize this supply function, and assume that

1/t 1/t
S S
L= = — . 37
(M1_5L> (MSK) (37)

Heret > 0, andu is a shift parameter. A decreaseincorresponds to a “wage-push” shock,
since it increases the labour share at a given level of employment. A high leveloofesponds

23. One has to be careful with this interpretation since the model already features “machines” which can also be
thought as capital.

24. This leads to the question of how this result, which requires extreme state depeddericean be reconciled
with the findings in the previous subsection, which relied on limited state dependenée< 1. One possibility is to
develop a hybrid framework where the degree of state dependence varies across innovations directed at different factc
(see Acemoglu (2001)).

25. An elasticity of substitution less than 1 between capital and labour appears reasonable. Using time-series dat
Coen (1969), Eisner and Nadiri (1968) and Lucas (1969), for example, all estimate elasticities significantly less than 1
Although Berndt (1976) claims that the use of higher quality data leads to higher estimates of the elasticity of substitution
he does not control for a time trend in his estimation, biasing his results towards 1.

26. Note that this formulation captures both the labour supply decisions of workers and bargaining between firms
and workers. For example, with a bargaining set-up, when unemployment is high (employment is low), workers will have
a weaker bargaining position, and only receive a smaller share of output, leading tsjower
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to a more inelastic quasi-supply curve. This formulation is convenient since it yields a simple
expression fog, /s, for given bias of technology, from (18) to be combined with (37):

3 1-o
S 1-— "o Nk KY\
A _ (=Y KR . (38)
SK y N_ L

In essence (38) shows that, when labour #&dre gross complementse. o < 1, as we
have assumed to be the case, an increase in the relative produdtiighl, , or relative
abundanceK /L, of the other factor will raise the labour share. So with< 1, and wage-
push shock will increase the labour share and redG¢e. With o > 1, we would obtain the
opposite result.

What will happen in the long run? There are two margins of adjustment: the capital-labour
ratio and technology. Even without any adjustment in technology, the labour share may return
back to its initial level if the capital-labour ratio returns to its initial position. This will be the
case, for example, when the long-run return to capital is given by a perfectly elastic supply of
capital €.9. CRRA preferences for the representative consumer). However, Blanchard (1997)
shows that changes in capital-labour ratio do not account for the behaviour of the labour share.
This raises the possibility that the major adjustment was due to changes in technology. To focus
on this, | ignore capital accumulation and normallke= 1 (see Acemoglu (1999, for the
analysis of the case where both technology and capital adjust).

Now combining (37) and (38), we obtain

£ 1-o

LSR= H,m-l—% (l — y) To+l—0o (&) to+1-0 . (39)
Y NL

Sinceo < 1, (39) defines a positive relationship betweeandL. | use the superscriptSR’ to

emphasize that this is the short-run response of employment for given bias of technology. From

equation (39), a wage-push shock, a decrease ip, will reduce employment. Equation (38),

in turn, implies that as long as < 1, this shock will also increase the labour share in GDP.

Therefore, for a given bias in technology, as argued by Blanchard and Caballero and Hammour,

a wage push will reduce employment and increase the labour share.

The fundamental implication of the framework here is that the wage push will also affect
the equilibrium bias of technical change. As in the previous subsection, consider the case with
extreme state dependende= 1, and combine (37) with equation (28) from Section 4.2 with
Z = K = 1 to obtain the long-run relative labour share(as/sk)"R = n~1. This equation
states that the technology-market clearing condition can only be satisfied if the labour share
in GDP returns back to its initial level. Using this, we also calculate the long-run employment
level as

LLR = =7 pt, (40)
where the superscriptL‘R” shows that these expressions refer to the long-run equilibrium.
Next, using equation (26), we obtain the relative technology level consistent with long-run
equilibrium as

N ot—(1-0) 1 — 5
_K =1 7(1-0) <—y> H“% (41)
NL 4
Comparison of (39) and (40) immediately implies that the elasticity of employment with respect

to 1 is greater in the long run than in the short ran (o + 1 — o) < 1/7).27 This again can
be thought of as an application of the LeChatelier principle. Intuitively, with 1, despite the

27. Wheno > 1, equation (40) no longer gives the long-run labour demand, since, in this case, the economy is
unstable and will tend to an equilibrium with only one type of innovation.
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Short-run and long-run responses of the labour share to a shift in the quasi-labour supply when capital and labour ar
gross complements

increase in the cost of labour resulting from the wage push, firms cannot substantially reduce the
labour demand in the short run because of the low elasticity of substitution. However, the chang
in factor prices induces technical change that would allow firms to be less dependent on laboul
Once this technical change takes place, firms gradually reduce their labour d€hiasykction

of equation (41) also implies that a decline in—i.e. an adverse labour supply shock—will
reduceNg /Ni . This corresponds to capital-biased technical change since capital and labour are
gross complemen®. Figure 4 draws this case diagrammatically, assuming that technology is
given in the short run when the wage push first occurs, and then traces the adjustment of th
economy to the shock. It shows diagrammatically how, as in the case of European economie:
the wage push will first increase the labour share, and then gradually reduce it by creating capita
biased technical change. Throughout the process, employment falls.

7. CONCLUDING REMARKS

For many problems in macroeconomics, development economics, labour economics, an
international trade, whether technical change is biased towards particular factors is of centre
importance. This paper synthesized some recent research on the determinants of biased techni
change. The presumption is that the same economic forces—profit incentives—that affect th
amount of technical change will also shape the direction of technical change, and therefore
determine the equilibrium bias of technology. | argued that this perspective helps us understan
a number of otherwise puzzling patterns.
| also highlighted the various modelling choices involved in thinking about the direction of

technical change. | demonstrated that there are two forces affecting equilibrium bias: the price

28. This idea is related to that proposed by Caballero and Hammour (1998). They suggest that during the 1980'’s
in order to avoid expropriation by labour, European firms chose more capital intensive production techniques, reducing
their labour demand.

29. However, notice that in this model, the labour share simply returns back to its original level. So to explain why
the labour share may have fallen below its original level in many European countries, we may also need some of th
adverse labour supply shocks to have reversed themsekgs {0 have fallen back towards its initial level).
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effect and the market size effect. The elasticity of substitution between different factors regulates
how powerful these effects are, and this has implications for how technical change and factor
prices respond to changes in relative supplies.

Another important determinant of equilibrium bias of technology is the form of the
innovation possibilities frontier—how relative costs of different types of innovation change with
the current state of technology. The choice here is between a specification that emphasizes stat
dependence, whereby past innovations complementing a factor make current innovations directed
at that factor cheaper, and a specification without state dependence. It appears that in thinking
about skill-biased technical change a specification with only limited state dependence leads to
more plausible results, while in the case of capital- and labour-augmenting technical change, a
specification with extreme state dependence appears more appropriate. Although it is possible
to combine these features to have a unified framework that can be applied both to analysing
the degree of skill bias and capital bias of technology (see Acemoglu (2001)), this framework
is currently highlyad hocand without micro-foundations. Future work towards such a unified
model would be very useful.

Whether technical change exhibits this type of state dependence, and whether this state
dependence affects different factors differentially, is ultimately an empirical question. Existing
evidence does not enable us to reach firm conclusions. Nevertheless, data on patent citations
seem to provide a useful starting place, and empirical work that can inform modelling choices in
this field is another area for fruitful future research.
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