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fell by 0.63 percent per year during the first period and increased 

by 0.92 percent per year between 1970 and 1995, indicating a 

much more rapid increase in the demand for college graduates 

during the last 25 years. 
The skill-biased change explanation leads to a number of 

questions, however. Why did skill-biased change accelerate soon 

after an unprecedented increase in the supply of skills during the 

1970s? More striking, Katz and Murphy write, "for the 1963-87 

period as a whole and most strongly for the 1980s, the groups with 

the largest increases in relative supplies tended to have the 

largest increases in relative wages" [1992, p. 52]. Why is this? And 

related to these questions, why do new technologies complement 

skills? There are in fact many examples in the eighteenth and 

early nineteenth centuries of new technologies replacing rather 

than complementing skills, such as the spinning jenny, weaving 

machines, Jacquard's loom, printing cylinders, and later the 

assembly line (see Mokyr [1990]). Current technologies also are 

not skill-complementary by nature. Computers, for example, 

simplify some formerly complex tasks such as inventory control, 

and can be used by unskilled workers, as they often are in fast food 

restaurants and supermarkets. 

Motivated by this reasoning, this paper starts from the 

premise that new technologies are not complementary to skills by 

nature, but by design. I show that a natural model in which the 

direction of technical change is endogenous can explain why the 

demand for skills and the college premium first fell and then 

increased sharply following the large increase in the supply of 

skills, and also why as opposed to the skill-replacing technological 

advances of the eighteenth century, today most new technologies 

appear to be skill-complementary. 
Most technologies, once invented, are largely nonrival goods. 

They can be used by many firms and workers at low marginal cost. 

When there are more skilled workers, the market for skill- 

complementary technologies is larger. The inventor is therefore 

able to obtain higher profits, and more effort will be devoted to the 

invention of skill-complementary technologies.2 As a result, the 

impact of an increase in the supply of skills on the skill premium is 

determined by two competing forces: the first is the conventional 

2. Economic motives do not play a direct role in all inventions. "Macroinven- 
tions," to use Mokyr's [1990] term, are likely to be exogenous and stem from 
advances in basic science. For the thesis in this paper, it is sufficient that economic 
motives influence the direction in which these macroinventions are developed. 
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substitution effect which makes the economy move along a 
downward sloping relative demand curve. The second is the 
directed technology effect, which shifts the relative demand curve 

for skills as shown in Figure I, because the increase in the supply 
of skills induces faster upgrading of skill-complementary technolo- 
gies. 

A large increase in the supply of college graduates as in the 

late 1960s and 1970s first moves the economy along a short-run 

(constant technology) relative demand curve, reducing the college 
premium. The relative supply change also increases the size of the 

market for technologies complementary to skills, and induces a 

change in the direction of technical progress and a shift of the 
relative demand curve in Figure I. Suppose first that the substitu- 

tion effect dominates the directed technology effect. In this case, 
the college premium first falls and then increases, but never above 
its initial level. In contrast, if the directed technology effect is 

sufficiently strong, the model predicts that in the long run the 

college premium should increase. This is the case drawn in Figure 
I and offers a more complete explanation for the changes in the 
U. S. college premium over the past 25 years. I will also show how 
this mechanism can account for a puzzling aspect of the recent 

changes in the structure of wages: the increase in residual wage 

College Premium Short-run Relative 
Demand 

\ I \ I Long-run Relative Demand 

Long-run \ I For Skills 

College Premium ...... .......... 

Initial + 
College Premium 

Short-run I A Shift in Relative Demand 
Response I due to Directed Technical 

I I \ Change 

0 H/L 

Shift in Relative Supply 

FIGURE I 

Directed Technical Change and Dynamics of College Premium 
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inequality during the 1970s while the college premium was 

falling. The analysis in this paper therefore suggests that the 

unprecedented increase in the supply of college graduates during 

the 1970s may have been causal both for the technological 

developments and the changes in the structure of wages of the 

past two decades. Finally, since the proportion of skilled workers 

has increased substantially over time, this theory also suggests a 

natural reason why new technologies should be more skill- 

complementary today than two centuries ago, and accounts for 

the steady increase in the demand for skills in the face of the 

rapidly increasing supply of skills over the past century. 

There are other episodes in which a large increase in the 

supply of skills appears to have affected the direction of technical 

change. High school enrollment and graduation rates doubled in 

the 1910s, mostly due to changes in the location and curricula of 

schools and the decline in transport costs [Goldin and Katz 1995]. 

The skill premium (white-collar wage relative to blue-collar wage) 

fell sharply in the 1910s. Yet, despite the even faster increase in 

the supply of high school skills during the 1920s, the skill 

premium leveled 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 1920s, presumably due to 

changes in office technology and higher demand from new indus- 

tries such as electrical machinery, transport, and chemicals. 

Thought experiments with exogenous variation in skills 

illustrate the main ideas, but in the long run the supply of skills 

responds to changes in the skill premium. The model developed in 

this paper allows me to simultaneously endogenize the demand 

for and the supply of skills. When the directed technology effect 

dominates, an increase in the supply of college graduates again 
first depresses and then increases the college premium. But now it 

also encourages more workers to enroll in college, and induces an 

extended period of adjustment where the supply of skills and the 

productivity of skill-complementary technologies increase to- 

gether. 
An analysis of the implications of international trade on wage 

inequality provides another application of this theory. The key 

observation is that trade affects the direction of technical change. 
If the United States starts trading with the Less Developed 

Countries (LDCs) and sells technologies to LDC firms, the size of 

the market for technologies complementary to unskilled labor 

increases and wage inequality declines, or at most increases by 
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only a small amount. However, if due to lack of international 

property rights protection, it is not possible to sell new technolo- 

gies to LDC firms, trade simply increases the relative price of the 

skill-intensive goods, inducing further effort in upgrading skill- 

complementary technologies. I show that in this case conventional 

calculations underestimate the impact of trade on wage inequality 

because they ignore the change in the direction of technical 

change induced by trade. 

This paper is related to the older literature on induced 

innovations, including theoretical work by Kennedy [1964], Ah- 

mad [1966], and Samuelson [1965], empirical studies by Schmook- 

ler [1966] and Hayami and Ruttan [1970], and historical work by 

Habakkuk [1962] and David [1975]. These studies discuss the 

impact of factor prices on innovations. I treat factor prices as 

endogenous and point out the importance of market size. The 

market size effect-the fact that an increase in the number of 

skilled workers increases the size of the market for skill- 

complementary technologies-is crucial in deriving the main 

result of the paper, which is that a larger relative supply of a 

factor can lead to faster upgrading of technologies complementary 

to this factor. Previous papers would predict the opposite result 

because they do not feature the market size effect. My paper also 

builds on and extends the work of Romer [1990], Aghion and 

Howitt [1992], and Grossman and Helpman [1991] on endogenous 

technical change by including two types of workers, each using 

different technologies and allowing technological change to be 

directed. Finally, a number of recent papers also suggest that 

changes in the supply of skills may change the demand for skills. 

In Acemoglu [1996], when there is a sufficient fraction of workers 

who are skilled, firms find it profitable to create jobs specifically 

targeted for this group, and as a result, unskilled wages fall, and 

skilled wages increase. Krugman [1997] has recently constructed 

a signaling model with some common features. Independent work 

by Kiley [1997] considers an expanding varieties model and shows 

that an increase in the supply of skills can create skill-biased 

technical change and increase inequality. Walde [1997] compares 

the technology choice of economies differing with regard to the 

skill level of their high school graduates. He shows that an 

economy with less skilled high school graduates may choose a 

technology which makes little use of high school skills and have a 

high skill premium. 
The plan of the paper is as follows. Section II analyzes the 
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There are ml and mh firms in the two intermediate goods 
sectors, and for now, I normalize ml = mh = 1. Since later there 

will be constant returns to variable factors, the number of firms 

does not matter. The production of Yh, the skill-intensive good, 
requires skilled labor while the production of the labor-intensive 

good, Y1, requires unskilled labor. Namely, firm i in sector s has 

production function, 

(4) ys (i)= A, Win, (i I, 

where s = 1, h, and nj(i) is the number of workers employed by 
firm i in sector s, P < 1, and A,(i) is the productivity of labor in this 

firm. The labor market is competitive and clears at every instant. 

Since firms in sector 1 only employ unskilled workers, and those in 

sector h only hire skilled workers, market clearing implies that 

fnl(i) di N1 = L and fnh(i) d Nh = H. The profits of these 
firms, if any, are redistributed to consumers. 

Firm level productivity, Aj(i), is determined by the technolo- 

gies employed by the firm, and skilled and unskilled workers use 

different technologies. Leaving a detailed discussion to the next 
subsection, for now note that all firms in a sector face the same 

(strictly concave) problem, so in equilibrium A,(i) = As, and wages 
in terms of the final good are w, = 3pAN (-P) for s = 1, h. 

The skill premium-skilled wage Wh, relative to unskilled 

wage wl-is the main focus of this paper. Using (3), this skill 
premium w iS3 

(5) CO_ Wh 
'y( h)pt-(-) 

The skill premium increases when skilled workers become 

more scarce; i.e., 

aHIL 

This is the usual substitution effect, and shows that for given 

technology, the relative demand curve for skill is downward 

3. In this section, for some parameter values, skilled workers may have lower 
wages than the unskilled, i.e., X c 1. One may want to impose y > (H/L)1-(-P)P to 
avoid this, or alternatively, one could assume that skilled workers can use the 
machines designed for the unskilled and be more productive at this than the 
unskilled. When the supply of skills is endogenized in Section IV, the skill 
premium is always positive, so this parameter restriction is not necessary. 
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sloping with elasticity - 1/(1 - U3p). Moreover, when p E (0,1], 

aAh/Al 0; 

that is, improvements in the skill-complementary technology 

increase the skill-premium. The converse is obtained when p < 0. 

The conventional wisdom is that the skill premium increases 

when skilled workers become more, not less, productive, which is 

consistent with p > 0. Most estimates reveal an elasticity of 

substitution between skilled and unskilled workers greater than 1 

which also implies that p > 0.4 Therefore, in the remainder of the 

paper I focus on the case p E (0,1), though the formal analysis does 

not depend on this parameter restriction. 

The main story of the paper can now be told informally. As 

shown in detail in the rest of this section, endogenous technical 

progress implies that 

(6) AhA= f(p, HIL). 

Namely, the relative productivity of skilled workers depends on 

the relative price of the skill-intensive good (p =Ph Ipl) and the 

relative supply of skilled workers (HIL). The former effect is 

similar to the impact of factor prices on technical change which 

was emphasized by the literature on induced innovations cited in 

the introduction. Intuitively, when a good becomes more expen- 

sive, technologies used in its production command a higher price, 

increasing the incentives to upgrade these technologies. Since an 

increase in HIL reduces p, this effect further depresses the skill 

premium in response to a rise in HIL. 
The innovation of this paper is the second term in f. The size 

of the market for skill-complementary technologies relative to the 

market size of technologies complementary to unskilled labor is 

proportional to HIL. An increase in HIL therefore makes the 

invention of a new technology complementing skills more profit- 

4. See Freeman [1986]. Practically, all estimates of the aggregate elasticity of 
substitution between high and low education workers are between U = 1 and 2. 
These estimates control for time trends in the demand for skills or use cross- 
sectional data. Thus, in terms of the model here, they correspond to the constant 
technology elasticity. So 1/v = 1 - Up < 1, and p > 0. Since a large part of the 
substitution between skilled and unskilled workers is within industries, p should 
not be interpreted as the elasticity of substitution between different goods. 
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able and increases Ah IA1, so 

dAhiAl 0 

aHIL 

The formal analysis below will establish that as long as p > 0, this 

second effect dominates the price effect. Therefore, 

dAhlAl _AhAhi aP p aAhlAl 

dH/L ap aHIL aHIL 

This is the essence of the directed technology effect: an increase in 

the relative supply of skilled workers leads to an improvement in 

the technologies used by skilled workers. 

Since technology is given in the short run, an increase in HIL 
first leaves AhIA, (mostly) unchanged and reduces the skill 

premium. Then, the direction of technical progress changes due to 

the market size effect. As a result, the skill premium rebounds 

from its short-run low. Moreover, if the directed technology effect 

is sufficiently pronounced, the skill premium may rise above its 

initial level, as drawn in Figure I. The rest of this section models 

the R&D sector more formally, demonstrates that technical 

change takes the form summarized in equation (6), and analyzes 

the dynamic response of the skill premium to an increase in HIL. 

B. Technological Advances 

Firm level technology As(i) is determined by the quality and 

quantity of machines used. There is a continuum is E [0,1] of 

machines for each sector. The fact that each sector uses different 

machines is the sense in which skilled and unskilled workers use 

different technologies. The quantity of machine j that firm i in 

sector s uses is denoted by x5(ij). Machines, the only form of 

capital in this economy, depreciate fully after use, which simplifies 

the analysis. I denote the currently available highest quality of 

machines in sector s by q,(j). Incorporating the fact that outdated 

machines will not be used (which is true in equilibrium as shown 

below), the productivity of firm i takes the form; 

(7) As(i)= 1 - s ((j)x5 (i, j)1 dj. 

Notice that (4) and (7) imply that production of Yh and Y1 is subject 
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to constant returns to scale. The presence of a continuum of 
machines in (7), rather than just one per sector, simplifies the 
analysis. First, it implies that innovators do not have to take their 
impact on factor prices into account. Second, it ensures that the 
growth rate of the economy is deterministic. 

Firms (producing yi and Yh) purchase machines and labor to 
maximize static profits. Let us denote the price of machine of 
quality qs,(j) by X(i). Since there are no adjustment costs, firm i's 
problem at all points in time is 

max PA, (i)ns(i) - Xs (j)x(i, J) dj - wn, (i). 
ns(i),XS(ij) 

The solution to this problem implies that the aggregate demand 
for machines in sector s is Xs (j) = [psqs (j)N /xs (j)] 1/, where Nh= 

Hand N1 L. 

Technological advances take place as in Aghion and Howitt 
[1992] and Grossman and Helpman [1991]. When there is an 
innovation for machines, the quality of the machine increases by a 
factor A > 1. I further assume that A > (1 - )-(1-P/, which is a 
simplifying assumption to be discussed in the next subsection. 
The R&D firm that innovates has a monopoly right over that 
particular vintage (e.g., it holds a perfectly enforced patent), so it 
can charge a profit-maximizing price and sell as many units of the 
newly discovered input as it wishes. The marginal cost of produc- 
ing input qs(j) is qs(j), so it increases linearly with the quality of 
the machine. 

Innovations are the result of R&D carried out by research 
firms using only final output as factor of production. There is free 

entry into the R&D sector. If the total amount of R&D activity in 

technologyj for sector s is z, then the probability of innovation in 

this technology is z+(z). The marginal cost of R&D effort for 
inventing a machine of vintage qs (j) is Bqs (j) (in terms of the final 

good).5 z+(z) is nondecreasing, i.e., P(z) + zP'(z) - 0, and P(.) is 

everywhere smoothly decreasing, which implies decreasing re- 
turns to R&D effort (see the Appendix for the case of constant 

5. Equivalently, the cost of R&D effort to improve vintage q,(j) is BXq,(j). The 
assumption that R&D inputs are in terms of final output serves to highlight that 
changes in skill premium are not driven by changes in the level of R&D activity. If 
R&D uses more skilled labor, then the skill premium will increase in periods of 
high R&D activity, similar to the "skill-biased technology adoption" effect empha- 
sized in Nelson and Phelps [1966], Galor and Tsiddon [1997], and Greenwood and 
Yorukoglu [1997], but this does not change the main results of the paper. 
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returns to scale, 4(z) 1). Also, I impose limzng P(z) = oo and 

limz_.(4(z) = 0. These Inada type restrictions on 4(.) ensure an 

interior solution and smooth dynamics. 

C. Equilibrium R&D Effort 

The aggregate demands for technology characterized above 

are isoelastic, so the profit-maximizing price is a constant markup 

over marginal cost: Xs(j) = q,(j)/(l - IP) for vintage qs(j). The 

assumption that A > (1 - )-(1-)/ implies that even if the next 

best technology, q5(j) = q,(j)/X, were sold at marginal cost, firms 

would prefer to buy qs (j) sold at the monopoly price, ensuring that 

the monopoly pricing policy is optimal (see Grossman and Help- 

man [1991]). 

Given monopoly prices, every firm in the relevant sector buys 

xS(ij) = Xs(j) = [(1 - 3)ps~N] "n. Therefore, the equilibrium 

productivity in sector s, (7), can be written as 

A = (1 - 13)(1-23)/f Qs[psNf](1-f)1/ 

where I have defined 

Q sf qs (j)dj, 

for s = 1, h. Qi and Qh are the average qualities of machines used in 

the labor and skill-intensive sectors, and are the relevant mea- 

sure of technological know-how and the key state variables of this 

economy. 

The value of owning the leading vintage of machines of sector 

S is 

(8) rVs (j) = us (j) - zs (j)+(zs (zj))Vs (j) + Vs (j), 

where zs(j) is the current aggregate R&D effort to improve 

machine j in sector s and wj(J) = PXs(j)qs(j)/(l - I) is the flow 

profit. At the flow rate z5(j)((zj(j)), the firm loses its monopoly 

position because there is an innovation, and the time derivative of 

V in (8) takes care of the fact that zs(j) may be time varying. 

Finally, free entry into R&D activities implies that 

(9) 4(zs(j))Vs(j) = Bqs(j), 

where the left-hand side is the marginal return to higher R&D 
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ogy choice gives the relative price p as a function of H/L: 

(11) p = y3v(Qh/QI ) -1(l-p)v(HI L) -f(1-p)v 

where v (1 - (1- ,3)p)-1. Therefore, an increase in HIL de- 
presses p, and via the price effect, it induces the invention of more 
labor-complementary technologies. Counteracting the price effect 
is the market size effect, the second argument of f in (6). When 
there are more skilled workers, the size of the market for 

skill-complementary technologies is larger. For p E (0,1], the 
market size effect is more powerful.7 

To determine the dependence of technology on relative sup- 
plies more formally, note that there is a continuum of skill- 
intensive inputs, so Zh4(Zh) is exactly the rate of improvements. 

Hence (X - l)Zh4(Zh) is the growth rate of Qh - fol q(j) dj. 
Similarly, (X - 1)z14(zj) is the growth rate of Qi. For BGP we need 

Qh/ Qi to be constant; therefore z1 = Zh. Equation (10) then implies 
that along the BGP 

(12) p = (HIL)-. 

Intuitively, BGP requires that z1 = Zh, so the demand for skill- 

complementary technologies relative to labor-complementary ma- 

chines should be independent of HIL, which implies (12). Combin- 
ing (12) with (11), we see that in the BGP, the relative technology 
of skilled workers needs to satisfy 

Qh WHp(l -0 

(13) Q_ 
_ 11(L I)( 

Equation (13) is an important result. Qh/Qi is the equilibrium 
technology level of the skill-intensive sector relative to the 

labor-intensive sector, and depends on the relative abundance of 

the two types of labor. Since profits to innovation are proportional 
to market size, they are effectively proportional to the number of 

workers using the technology. Therefore, when HIL increases, 
innovation and R&D in the skill-intensive sector become more 

profitable, inducing Qh/Qi to increase (as long as p > 0). This is 

7. To see this, note that p is decreasing in HIL with elasticity P(1 - p)/ 
(1 - (1 - 1)p) which is less than I when p > 0. Although it is plausible for the 
market size effect to dominate in the case of skilled and unskilled workers, the 
price effect may dominate in other situations. For example, Hayami and Ruttan 
[1970] discuss the different paths of agricultural development in the United States 
and Japan. The scarcity of land in Japan relative to the United States appears to 
have induced a faster rate of innovation and adoption of fertilizers, increasing 
output per acre. 
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the directed technology effect: the greater the fraction of skilled 

workers in the economy, the greater their productivity relative to 

unskilled workers. Another implication of (13) is that as the 

economy accumulates more skills, technical change responds by 

making new technologies more complementary to skilled labor. 

The fact that the demand for skills has increased steadily in the 

face of increasing supply of skills over the past century is 

therefore consistent with the approach in this paper. Also, interest- 

ingly, during the eighteenth and early nineteenth centuries, there 

was a large migration of unskilled workers from villages and 

Ireland to English cities (see Williamson [1990]). So this increase 

in the supply of unskilled workers might have played a role in 

inducing the creation of the well-known skill-replacing technolo- 

gies of that period. 

Returning to the formal analysis, the BGP R&D effort level 

can now be determined from (10), (12), and (13) by imposing z1 - 

Zh = z*, which gives8 

(14) 

[r + z*+(z*)1 
B 4(Z*) P= (1 - 3)(1)/P [,yIPP/(l - P) + LP/('1 - P)](l-)/fP 

Finally, using the analysis so far and (5), we have (proof in the 

Appendix): 

PROPOSITION 1. There is a unique balanced growth path (BGP) 

where both sectors and total output grow at the rate 

(A - 1)z*+(z*) with z* given by (14). Along the BGP, Qh/QI is 

given by (13) and the skill premium is 

(15) X= P) (H/L)9 

where N 3p2/(l - p) -(1- Up). 

In the unique BGP there is a one-to-one relation between the 

relative supply of skilled workers and their relative wage. This 

relation can be either increasing or decreasing. The second term 

in q, -(1 - Up), is the usual substitution effect from equation (5). 

8. As in Aghion and Howitt [1992] and Grossman and Helpman [1991], the 
growth rate increases with total population. This is not important for the focus of 
this paper. All the results of interest continue to hold if we impose Zh + Zj = Z, which 
would remove the scale effect. Alternatively, we can impose that for z - z, z4(z) = 
+O < co, and the scale effect would disappear once the population reaches a critical 
threshold. Further, an increase in HIL leaving total population unchanged may 
increase or decrease the BGP growth rate. The restriction Zh + zj = Z also removes 
the effect of HIL on the growth rate. 
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If technology were exogenous in this economy, i.e., if AhiAI (or 

Q /Qi) were constant, the skill premium would be a decreasing 
function of HIL. When technology is endogenous, the increase in 

HIL changes the direction of technical progress, and leads to 

more R&D activity in the skill-complementary technologies. As a 

result, Qh / Q1 increases, and the "short-run relative demand 
curve" shifts to the right as in Figure I. The long-run relative 

demand curve is therefore more elastic than the short-run de- 

mand curve.9 Moreover, if Pp2/(l - p), the directed technology 

effect, is large enough, q is positive, and the long-run relative 

demand curve for skills is upward sloping.10 In this case, an 

increase in the supply of skills leads to a higher relative price of 

skill in the long run. This "perverse" case is more likely to happen 

when p is close to 1 so that the skill-intensive and labor-intensive 

production processes (intermediate goods) are close substitutes, 

and when a is close to 1 so that there are only limited decreasing 

returns to labor within each sector. 

A different intuition for the possibly upward sloping relative 

demand curve is that there is an important nonconvexity in this 

economy. There is a fixed up-front cost of discovering new technolo- 

gies, and once discovered, they can be sold to many firms at 

constant marginal cost. This nonconvexity (nonrivalry of technol- 

ogy use) implies that it is more profitable to improve technologies 

designed for a larger clientele. This is the essence of the directed 

technology effect. Interestingly, the size of this nonconvexity, B, 
does not matter for this result. Only when B = 0, the nonconvexity 

and hence our results disappear, but in this case the growth rate of 

the economy becomes infinity. To see the importance of the 

nonconvexity and market size for the results more clearly, one can 

consider a modified model where technological monopolists can 

only sell X units of their machines, where X < min IL,HI. The rest 

of the market will then be filled by imitators who produce a unit of 

a machine of quality q at the marginal cost q/(l - a) (so that all 

9. The long-run relative demand curve is more elastic than the short-run 
demand curve even when p < 0, because from (13), an increase HIL reduces Qh/Q1, 

but in this case, as (5) shows, the skill premium is decreasing in Qh/Q1. So even 
when p < 0, an increase in HIL first reduces and then increases the skill premium. 
However, when p < 0, the long-run relative demand curve can never slope up. 

10. HIL has two effects on technology: first, it determines the quantities of 
machines purchased at a given Qh / Qi, and second, it changes Qh / QI. The second 
effect is the important one. To see this, suppose that there is no R&D, but As is still 
determined by purchases of machines from a monopolist. In this case, the skill 
premium is again a decreasing function of HIL with the smaller elasticity, 
-(1 - p)/(l - (1 - U)p), which is also the short-run elasticity in Proposition 3. 
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machines sell at the same price, and the profit-maximizing price 

for the monopolist is the same as above). This modification 
removes the market size effect because an increase in H does not 

increase the market size of skill-complementary technologies for 

the innovator. Following the same steps as above, we see that in 

this case (13) becomes Qh/QI = y"/('-P)(H/L)-'. So an increase in 

H/L only creates the price effect on technological improvements, 

and causes slower upgrading of skill-complementary technologies. 

The relative demand curve is always downward sloping in this 

case. 

The next proposition summarizes the equilibrium dynamics 

out of the BGP. Denoting the BGP level of Qh/Qi given in (13) by 

Q*, we have (proof in the Appendix): 

PROPOSITION 2. (a) Locally, there exists a unique transition path 

converging to BGP, so that if Qh/Ql + Q*, then Zh and z, jump, 
and QhIQl monotonically adjusts to Q*. If Qh/Ql < Q*, then 
Zh > z1 along the transition path and vice versa. 

(b) Suppose that the elasticity of the function +, E,4(z), is 

nonincreasing in z. Then, for all QhAI Q Q *, there is a 

globally unique saddle path to BGP along which Qh / Qi 

monotonically converges to Q*. If Qh/Qi Q *, then Zh > Z1 

along the transition path and vice versa. 

This proposition shows that the BGP is locally (saddle path) 

stable, and under a fairly weak assumption on the + function, also 

globally stable. When Qh/Qi is below its BGP level, the economy 

invests more in skill-complementary technologies (Zh > z1), rais- 

ing Qh / Ql toward the BGP. 

E. The Dynamic Response to a Relative Supply Shock 

The following result summarizes the dynamic response of the 

economy to an unanticipated relative supply shock (proof in the 

Appendix)." 

PROPOSITION 3. Consider an unanticipated increase from HIL to 

3H/L starting from a BGP with skill premium w = w0. 

Immediately after the shift, the skill premium falls to wSR, 

11. The increase in the supply of skills during the 1970s may have been 
anticipated. This does not change the qualitative conclusions reached in Proposi- 
tion 3. The reason is that it is not profitable to invent skill-complementary 
technologies much before workers who will use them are in the market, because 
other firms are likely to improve on these technologies before the original inventor 
has had access to the larger market. 
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where log (0SR - log wo = -0 log 8 and 0 (1 - p)/- (1 - 

3)p) > 0, and Zh / Z1 jumps up. The new BGP skill premium (0LR 

is such that log wLR- log w0 = q log 8. 

Following the relative supply shock, the skill premium falls 

by Olog 8. The short-run response is for given technological 

know-how because Qh/Qi is a stock variable and changes slowly. 

In terms of Figure I in the Introduction, this is a move along the 

short-run (constant technology) relative demand curve, causing a 

decline in the skill premium. As the economy adjusts to its new 

BGP, Qh/Qi increases, and the skill premium starts increasing 

from its short-term low. In terms of Figure I the constant 

technology relative demand curve shifts to the right. Therefore, 

an increase in the relative supply of skills creates a period of 

rising skill premium in response to the induced shift in the 

relative demand for skills. This result is not very surprising: an 

intuition based on the LeChatelier Principle suggests that the 

elasticity of substitution between skilled and unskilled workers 

should increase as other factors are adjusted [Samuelson 1947]. 

In this paper the other factors are measures of technology, Al and 

Ah, and in the case q < 0, the results confirm this intuition. In 

contrast, when q > 0, the model's predictions are more surprising 

and original. Because of the nonconvexity introduced by the 

market size effect, the increase in H/L has a large impact on 

AhIA1, and eventually raises the skill premium above its initial 

value. 

Proposition 3, especially in the case where q > 0, offers an 

alternative explanation for the behavior of the U. S. economy 

during the past 25 years. There was a large increase in the supply 

of skills in the 1970s. Between 1940 and 1970 the relative supply 

of college equivalent workers grew at the rate of 2.73 percent per 

year. In contrast, between 1970 and 1980 this relative supply 

grew almost twice as fast, at 5.19 percent per year (in other words 

by 52 percent in the course of ten years, see Autor, Katz, and 

Krueger [1998]). This is a very large change in the relative supply 

of skills preceding the rise in the college premium. Furthermore, 

these supply changes were at least partly "exogenous" rather than 

a simple response to anticipated higher returns to education in 

the future. Enrollment rates had been increasing since the 

mid-1950s, and this trend continued in the 1960s (see Freeman 

[1976], Figure 6, p. 35). The main reason for the increase in the 

proportion of college graduates in the labor force during the 1970s 
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was the interaction of these higher enrollment rates with the 
large cohort sizes arriving in the market during the 1970s. In 
particular, the cohorts retiring in the 1970s had very few college 
graduates. For example, only 7.5 percent of those 55 years or older 
in 1970 were college graduates [Bureau of the Census 1971]. In 
contrast, due to the enrollment trends dating back to the 1950s, 
21.3 percent of those aged 30 to 34 in 1981, a cohort that entered 
the market between 1970 and 1980, had a college degree [Bureau 
of the Census 1983]. Moreover, due to the baby boom, the entering 
cohorts were large relative to the labor force: in 1981 there were 
38 million people between the ages of 25-34 as compared with 
48.5 million people between the ages of 35 and 54 [Bureau of the 
Census 1983]. 

Two other factors also contributed by increasing the enroll- 
ment rates further during the late 1960s and 1970s: (1) until 
almost the end of the war, the Vietnam era draft laws exempted 
males enrolled in college from military service. This induced many 
more young males to stay in college during the late 1960s in order 
to avoid the draft [Baskir and Strauss 1978]; (2) government 
financial aid for college increased by a large amount during this 
era. For example, the total federal aid to college students that 
stood at approximately $2 billion in 1963 increased to $14 billion 
in 1970-1971 and then to $24 billion in 1975-1976 (all numbers in 
1989-1990 dollars, see McPherson and Schapiro [1991]).12 My 
theory predicts that in response to this large increase in HIL, the 
college premium should fall first, and then increase due to the 
induced skill-biased technical change. This pattern matches 
the broad behavior of the U. S. college premium from 1970 to the 
present, and suggests an explanation for why the relative demand 
for college graduates increased much faster in the past 25 years 
than between 1940 and 1970 [Autor, Katz, and Krueger 1998].13 

The model also predicts that after a large relative supply 
change, the growth rate of the economy should decline. During 
adjustment to the new BGP, Zh increases, and z1 falls, and because 

12. It can be argued, however, that federal aid increased because the 
government forecast the increased need for college graduates. Even if this were the 
case, which is unlikely, the large part of the increase in the supply of college 
graduates due to the cohort size effect is still predetermined and "exogenous." 

13. The model does not predict a fall in unskilled wages, which has been a 
feature of the changes in wage structure during the 1980s. If there is depreciation 
of existing technologies, for example, because some of the old technologies are not 
compatible with new ones, the model also predicts that during adjustment to an 
increase in HIL unskilled wages may fall. See Acemoglu [1996] for an alternative 
model for the decline in unskilled wages. 
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W.) is decreasing-i.e., return to R&D is concave-the faster 
technological improvements in skill-complementary technologies 
do not compensate for the slowdown in the productivity growth of 
unskilled workers. Therefore, a large increase in HIL not only 
changes the structure of wages, but also causes a productivity 
slowdown. Unfortunately, (0, which determines the extent of 
this productivity slowdown, is not easily observed in the data, so it 
is not possible to know whether this is an important effect. 
Greenwood and Yorukoglu [1997] also obtain slower growth 
during the process of adjustment to new technologies because of 
costs of adoption and learning. In contrast to that paper, techno- 
logical change is endogenous here, and the slower growth is due to 
the fact that the economy invests in improving skill-complemen- 
tary technologies at the expense of technologies used by unskilled 
labor. 

Finally, it is instructive to do some back-of-the-envelope 
calculations to see whether the model can generate plausible 
effects. I take the relative supply shock to be the increase in the 
ratio of college graduates to high school graduates from 1971 to 
1979, since 1971 was the starting year for the large change in the 
skill composition of the labor force. This gives the relative supply 
shock, A log (HIL) = log 8, as 0.4 (Table VIII in Katz and Murphy 
[1992]). I take the long-run response to this increase in supply to 
be the proportional change in the college premium from 1971 to 
1987, which is reported as 0.024 by Katz and Murphy [1992]. I 
compare this number with the long-run response implied by the 
model, q log 8 (= log ()LR - log w0). I take the "short-run" response 
to be the change in the skill premium from 1971 to 1979, which is 
-0.10 [Katz and Murphy 1992]. This number cannot be directly 
compared with the immediate effect of a one-time shock given in 
Proposition 3 because in reality the supply shock took place over a 
number of years, so technology must have adjusted during this 
period. Therefore, I compare it with (log wSR + log wLR)/2 - log wo, 
which is the simple average of the change immediately after the 
shock and the long-run response. 

For a range of parameter choices, the model implies numbers 
very close to the data. For example, when 3 = 0.35 and p = 0.75, 
the model yields a short-run elasticity of substitution between 
college and noncollege workers in the right range and = 0.06. 
This implies a short-term fall in the college premium of 11 
percent, comparable to the one in the data, and a subsequent large 
increase, taking it to about 2.5 percent above its initial value. This 
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is quite close to the actual behavior of the college premium. 
Similar results are obtained when R = 0.4 and p = 0.73, or when 

P = 0.45 and p = 0.7. These parameter choices can be given some 
justification in terms of more micro estimates (see Acemoglu 
[1997]), but are inherently arbitrary. So these results should be 
interpreted as purely illustrative. In particular, small changes in 
p change the quantitative implications by a large amount. Also, 
further increases in HIL in the 1980s make these calculations 
difficult to interpret. 

III. DIRECTED TECHNICAL CHANGE AND RESIDUAL 

WAGE INEQUALITY 

Equating skilled workers to those with a college degree, I 

suggested that a model incorporating the directed technical 

change can match the evolution of the U. S. college premium. 
Another important aspect of the changes in the structure of wages 

is increased residual wage inequality. Using March Current 

Population Surveys, Juhn, Murphy, and Pierce [1993] and Katz 

and Murphy [1992] find that residual (within group) wage inequal- 

ity began increasing during the 1970s while the college premium 

fell. Bernard and Jensen [1997] find the same pattern in the 

census data. (But DiNardo, Fortin, and Lemieux [1996] do not find 
it using May Current Population Surveys.) To date, there has been 

no unified explanation for the simultaneous increase in residual 

inequality and the decline in the college premium during the 
1970s.14 In this section I suggest a simple extension of the model 
which accounts for this pattern. 

Suppose that skills are two-dimensional: education and skills 
unobserved to the econometrician. For lack of a better term, I call 
the latter ability. A fraction Ah of college graduates have high 

ability, and the remainder have low ability. This fraction is ,ul < Jh 

among low education workers. For example, ability (unobserved 
skills) could be related to college education, but not perfectly, so 
that some of the college graduates do not acquire the necessary 

skills, while some other workers do in spite of not having attended 

14. Galor and Tsiddon [1997] argue that ability is more valuable in periods of 
rapid technological change, which offers another explanation for the increase in 
residual inequality during the 1970s. Caselli [1997] suggests, but does not develop, 
a related story where due to on-the-job-training, high ability workers benefit from 
rapid technological change first. Both stories can explain why residual inequality 
might have grown faster than the college premium during the 1970s, but without 
further modifications, not why college premium fell and residual inequality 
increased. 
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ments similar to those developed before imply that 

IQ h~~ YpiIh -o /Q~\~ h IpLl -0 

wh 

= 

\l y 
1 ) and 

(1O= 
) k11 Ii) 

where 0 and v are as defined above (see the Appendix). Notice that 
the increase in the supply of college graduates equally affects the 
numerator and the denominator of the measures of residual wage 
inequality, wh and wx, so there is no contraction in residual 
inequality in response to the increase in HIL. But these measures 
are proportional to Qh / Qi, so the increase in Qh/ Qi following the 
change in relative supplies leads to an immediate increase in 
residual wage inequality. 

Therefore, if technologies are complementary to unobserved 
skills, the approach developed in this paper predicts that in 
response to increases in the relative supplies of educated workers 
as in the 1970s, the college premium declines first and then 
increases, whereas residual wage inequality starts increasing 
immediately. 

IV. ENDOGENOUS SUPPLY OF SKILLS 

Section II treated the relative supply of skills as exogenous. 

The increase in the supply of college graduates during the late 
1960s and 1970s was argued to be largely exogenous rather than a 
simple response to anticipated higher returns in the future. 

Nevertheless, education choices are to some degree forward- 

looking and respond to returns. It is therefore important to 

endogenize the supply of skills and verify that the main results 

are robust. This analysis also provides new results regarding the 

joint behavior of skills and technology. 

Suppose now that a continuum v of unskilled agents are born 

every period, and each faces a flow rate of death equal to v, so that 

population is constant at 1 (as in Blanchard [1985]). Each agent 

chooses upon birth whether to acquire education to become a 

skilled worker. For agent x it takes KX periods to become skilled, 

and during this time, he earns no labor income. The distribution of 

KX is given by the function F(K) which is the only source of 

heterogeneity in this economy, due to credit market imperfections 

or differences in innate ability. The rest of the setup is unchanged. 

To simplify the exposition, I assume that F(K) has no mass points. 

I now define a BGP as a situation in which HIL and the skill 

premium remains constant. In BGP there is a single-crossing 
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property: if an individual with cost of education KX chooses 
schooling, another with Kxt < KX must also acquire skills. There- 
fore, there exists a cutoff level of talent, K, such that all Kx > K do 
not get education. Although HIL is in general a complicated 
function of past education decisions, when v is small, along BGP it 
takes the simple form, 

H F(K) 
(17) 

L 1 - F(K) 

The agent with talent K needs to be indifferent between 
acquiring skills and not. When he does not acquire any skills, his 
return at time t is 

Rne = Jtexp [-(r + v)(T - t)]w(T) dT 

-w1 J0 exp [-(r + v - g)T] dT = r + v g 

where r + v is the effective discount rate and I have used the fact 
that along the BGP wages grow at the rate g = (A - 1)z *(z*). If 

in contrast K decides to acquire education, he receives nothing for 
a segment of time of length K, and receives Wh from then on. 
Therefore, the return to agent K from acquiring education, Re (K), 
can be written as 

Re(K) S- exp [-(r + v)(T - t)]Wh(T) dT 

-exp [-(r + v - g)K] + 

In BGP, for K to be indifferent, we need Re (K) = Rne at all times, 

sO W WhiW1 = exp [(r + v - g)K]. Inverting this equation and 
substituting into (17), we obtain the relative supply of skills as a 
function of the skill premium (when v is small): 

H F(ln w/(r + v - g)) 
(18)- - _ _ _ _ _ _ _ 

L 1 - F(ln w/(r + v - g)) 

A BGP equilibrium with endogenous skill formation is given 
by the intersection of the relative supply (18) with relative 
demand for skills given by (15). Ignoring the impact of HIL on g, 
which is likely to be small, equation (18) defines an upward 
sloping relative supply relation. When q > 0, (15) also defines an 
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upward sloping relative demand curve, and multiple BGP equilib- 
ria, as drawn in Figure II, are possible. Intuitively, when -q > 0, a 
higher HIL increases w, encouraging workers with high K to 
obtain education and increasing H/ L further. 

Government policy (e.g., the grant programs or the Vietnam 
era draft laws) can be thought of as reducing the cost of education 
and shifting the relative supply curve in Figure II to the right (or 
shifting the function F(K) to the left). When q > 0, the return to 
education X would also rise, thus raising HIL further. Therefore, 
the prediction of the model in this case is that subsidies to 
education lead to an increased tendency to acquire education, and 
also to a larger education premium due to the directed technology 
effect. Interestingly, when -q > 0, education subsidies may harm 
those agents who do not take advantage of the increased incentive 
to attend college, which is different from the predictions of 
standard theory where even those who do not take advantage of 
education subsidies benefit. Also notice that a small exogenous 
increase in the demand for skills -an increase in -y in equation 
(2)-increases the skill premium immediately, encouraging more 
skill acquisition. This induces the directed technology effect and 
increases the demand for skills further. If the supply of skills is 
sufficiently responsive to the skill premium, the exogenous in- 

Skill Premium (o Relative Supply---Equation (18) 

Wo3 I'dR elative Demand--- 
Equation (15) 

(0 21 . 
... ... .. ... .. ... ... .. ... .. ... .. 

HIL 
(H/L)1 (H/L)2 (H/L)3 

FIGURE II 

Balanced Growth Path Equilibria with Endogenous Skills 
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crease in the demand for skills causes a decline in the skill 

premium before increasing it above its initial value. 

A formal analysis of transitory dynamics is more complicated. 

To simplify the discussion, suppose that there is a unique BGP 

and the supply of skills is not too responsive to the skill premium 

(i.e., F'(K) is sufficiently small or the relative supply curve in 

Figure II is sufficiently steep). Then, it can be shown that in the 

neighborhood of the BGP, an increase in HIL, due to a decline in 

the cost of education or other reasons, first reduces the skill 

premium. Then, HIL and Qh/Qi increase together, creating both 

skill-biased technical change and a larger supply of skills. In the 

case where -q > 0, the economy ends up with higher skill premium, 
more skill-complementary technologies, and more skilled workers 

(see the Appendix). The process of adjustment is likely to take a 

long time because technology adjusts slowly (especially in the case 

where 4(.) is steeply decreasing). Therefore, the skill premium 
will rise over time, and earlier generations will be less willing to 

invest in skills as the returns are far in the future. This pattern of 

slowly increasing HIL and a gradual shift toward more skill- 

complementarity technologies is similar to the experience of the 

United States economy over the past century. 

V. THE IMPACT OF TRADE ON TECHNOLOGY 

Increased trade with the LDCs where skilled labor is scarce is 

often suggested as a potential cause of increased wage inequality 
and contrasted with the explanations based on technology. Since 

technology has been treated as exogenous in the wage inequality 
literature, there has been little effort to uncover the links between 
these two explanations. This section shows that the direction of 

technical change is influenced by trade, modifying or qualifying 

many of the conclusions reached in the previous literature regard- 

ing the impact of trade on inequality. 
Suppose that the North, where the ratio of skilled to unskilled 

workers is equal to HNILN, begins trading with an economy, the 

South, which has a skill ratio Hs ILS < HNILN. There is no 

endogenous skill accumulation in either economy. What happens 
to wage inequality in the North? I will answer this question under 
three different scenarios: (a) no directed technical change; (b) 
directed technical change and new technologies sold to firms in 

the South on the same terms as firms in the North; (c) directed 
technical change and no property rights enforcement in the South. 
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The first scenario is for a benchmark, and the truth presumably 
lies somewhere between (b) and (c), so that there is some sale of 
technology to the firms in the South, but the enforcement of 
intellectual property rights is less than perfect. Note that, in this 
model, factor price equalization is guaranteed without further 
restrictions because each sector employs only one of the nontraded 
factors (see Ventura [1997] for a similar structure). 

A. No Technical Change 

Suppose that Qi and Qh are given exogenously. Denote the 
steady state (BGP) skill premium in the North before trade 
opening by wN, and the BGP skill premium after trade opening by 
(w. Also define A log w log ww - log wN, HW = HN + HS, LW = 

LN + Ls and HW/LW = 8HN/LN, where 8 < 1 by the fact that the 

North is more skill-intensive than the South (i.e., log 6 < 0). 
Equation (5) from Section II implies that 

(19) A log1 NTC = -log 8 > 0, 

where the subscript NTC denotes "no technical change" and 0 was 
defined above. Since the South is less skill-intensive, trade with 
the South increases the relative price of skills in the North, which 
is the standard effect of trade. 

B. Endogenous Technical Change and Full Property Rights 

Suppose that Al and Ah are endogenous as in Section II, and 
assume that (i) before trade opening, there were no sales of 
technology to the firms in the South (and no foreign direct 
investment in the South by firms in the North); and (ii) after trade 
opening, firms in the South and the North are symmetric and 
property rights of R&D producers in the North are fully enforced 
in the South. Trade opening is then equivalent to a decline in the 
relative supply of skills from HNILN to HW/Lw. We can now use 
equation (15) from Section II to obtain the change in BGP skill 
premium after trade opening: 

(20) A log (opR = m log 8, 

where the subscript PR indicates that in this case there is 
endogenous technical change and property rights of R&D firms 
are enforced in the South. If mq > 0, contrary to conventional 
wisdom, trade opening may actually reduce the skill premium for 
exactly the same reasons that a higher supply of skilled workers 
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increased it in Section II (though as in Proposition 3, trade 

opening would first increase inequality and then reduce it). More 
generally, the directed technology effect implies that when intellec- 
tual property rights are fully enforced, it is unlikely that interna- 
tional trade increases the skill-premium by a large amount. 

C. No Intellectual Property Rights in the South 

A simple way of modeling the lack of intellectual property 
rights is to suppose that imitators produce and sell the latest 

machines invented by R&D firms in the North to firms in the 

South, so that Northern R&D firms do not receive any revenue 

from firms in the South. To simplify the analysis, suppose that 

imitators can produce a machine of quality q at marginal cost 

q/(l - A), so that firms in the South use the same technology as 
the firms in the North. This specification implies that the market 
sizes for different machines are unchanged after trade opening. 
However, there is still an impact on the direction of technical 

change because the relative price of skill-intensive goods changes. 
Trade opening first depresses the price of labor-intensive 

goods (i.e., reduces p). However, in the BGP, (10) has to hold in 

order to equate the return to R&D in skill-complementary and 
labor-complementary machines, because R&D firms can only sell 

technologies to firms in the North. This implies that 

p = (HNILN)-P 

so relative prices have to adjust back to their original level to 
restore equilibrium, and this requires an adjustment in the 
relative technology of skilled workers away from its original level. 
In particular, in the new BGP, QhQl Q l = Y/(l-P) (HN/LN)P/(l-P) -1. 

The relative wage is now fw = 'yl/(l-p) (HNILN) 8-1, and the 

change in the skill premium after trade opening is 

(21) A log WNPR log 8 > 0, 

where the subscript NPR indicates that there is endogenous 
technical change but no enforcement of intellectual property 
rights in the South. The assumption of no intellectual property 
rights in the South has removed the market size effect completely 

(the relative market size is still HN/LN), but the price effect on the 
incentives to innovate is present. As noted in Section II, the price 
effect magnifies the negative effect of the increase in HIL on the 
skill premium, which explains the large impact of trade on wage 
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inequality.15 Also, interestingly, trade opening in this case may 
also increase the skill premium in LDCs, because firms in LDCs 
use the same technology, and trade opening has induced skill- 
biased technical change in the North. This contrasts with the 
prediction of a model with exogenous technology. 

In summary, we have A log (NPR > A log WNTC > A log WPR and 
in fact if q > 0, A log (WPR < 0. That is, if property rights are fully 
enforced in the South, the decline in the relative supply of skills 
should not lead to a large increase in the skill premium. In 
contrast, if intellectual property rights are not enforced in the 
South, simple calculations that ignore the induced change in the 
direction of technical progress may be seriously underestimating 
the impact of international trade on inequality. 

VI. CONCLUDING COMMENTS 

The wages of college graduates and of other skilled workers 
relative to unskilled labor increased dramatically in the United 
States over the past fifteen years. To many economists and 
commentators, this is a direct consequence of the complementar- 
ity between skill and new technologies. It is not clear, however, 
why new technologies should complement skills. History is full of 
examples of new technologies designed to save on skilled labor. 
More generally, inventions and technology adoption are the 
outcome of a process of choice; as a society, we could have chosen to 
develop or attempted to develop many different technologies. It is 
therefore, necessary to analyze the direction of technical change 
as well as its magnitude. In its simplest form, this means to pose 
the question: "why do new technologies complement skills?" This 
paper suggested that the direction of technical change is deter- 
mined by the size of the market for different inventions. When 
there are more skilled workers, the market for technologies that 
complement skills is larger, hence more of them will be invented, 
and new technologies will be complementary to skills. 

I formalized this observation and discussed its implications. I 
showed that an exogenous increase in the ratio of skilled workers 
or a reduction in the cost of acquiring skills could increase wage 

15. This argument is related to Wood's [1994] suggestion that trade with the 
South may have induced "defensive" unskilled-labor-saving innovations. However, 
it is not clear what mechanism Wood has in mind since a decline in unskilled wages 
should normally lead to the introduction of skill-replacing or unskilled-labor- 
complementary technologies. 
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inequality. The likely path is first a decline, and then a large 
increase in the skill premium. These observations fit the U. S. 
facts where the large increase in the ratio of college graduates 
during the late 1960s and 1970s first depressed the college 
premium and then increased it to higher levels than before. 

The most important area for future work is to develop a test of 
directed technical change, and its impact on the structure of 
wages. The testable implication of the model is that after an 
increase in the supply of college graduates, R&D directed at 
technologies complementary to college graduates should increase. 
Although it is difficult in general to determine which technologies 
are complementary to skilled workers, most economists believe 
that computers are more complementary to skilled and educated 
workers than to the unskilled. For example, Autor, Katz, and 
Krueger [1998] report that in 1993 only 34.6 percent of high school 
graduates use computers in contrast to 70.2 percent of college 
graduates. Moreover, Krueger [1993] shows that controlling for 
education, workers using a computer obtain a wage premium 
which suggests that they are more skilled. From the R&D 
expenditure data reported by the NSF, we see that in 1960 
company-funded R&D for office computing was 3 percent of the 
total company-funded R&D expenditure. This ratio has increased 
to 13 percent by 1987,16 suggesting that during this period of rapid 
increase in the supply of skills, there has been significantly more 
R&D directed to one of the technologies most complementary to 
skills. If other technologies and R&D expenditure can also be 
classified as complementary to college graduates, the hypothesis 
of this paper can be tested. 

A second area for future research is the application of these 
ideas to the male-female wage differentials. Since the 1970s, the 
labor force participation of women has increased substantially, 
and their wages relative to those of male workers have also 
increased. Part of this change is likely to have been due to reduced 
discrimination. However, to the extent that male workers use 
different technologies than female workers, the approach in this 
paper suggests a new explanation based on directed technical 
change. The degree to which women use different technologies 
than men within a plant or sector is probably limited. Neverthe- 
less, women tend to work in different sectors and occupations, and 

16. These data come from various issues of Research and Development in 
Industry Detailed Statistical Tables published by the NSF. I am grateful to Sam 
Kortum for providing me with these data. 
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these jobs use different technologies than traditionally male jobs 
(e.g., desk jobs versus construction). It is therefore conceivable 

that the greater participation of women may have affected the 

direction of technical change, and via this channel, reduced 
male-female wage differentials. This hypothesis can be investi- 

gated more carefully by studying the relative growth of industries 
that employ more women, and the relative rate of technical 

change in these industries. 

APPENDIX 

Proof of Proposition 1 

Equation (13) uniquely defines Qh/ Ql for Zh= z1. Then, using 
(10), (12), and (13) and imposingz* = Zh= z1 gives equation (14), 

which uniquely defines z* because the left-hand side of (14) is 
strictly increasing in z * and the right-hand side is constant. This 
establishes that the BGP exists and is uniquely defined. Now 
substituting for Ah IAI and forp, (5) implies 

(,O = '-l/[(l-(l-P)p1 [(Qh/Q0~PP1/(l-(l-P)p)- 

Finally, substituting for Qh/ Ql using (13) gives (15) in the BGP. 

Transition Dynamics and Proof of Proposition 2 

Equation (10) immediately implies that z,(j) = z, out of BGP 
as well as along it. So we only have to determine the time path of 

Zh, Zl, Qi, and Qh. Equation (9) holds at all times, so differentiating 

it with respect to time and using (8), we obtain 

s 44~V~4(Zs)V~ _s =-ss)V/ () s-VZS1E'(Zs)Vs) 

for s = 1, h. I normalize B P(1 - )(1P-/ in this Appendix to 

simplify the notation. Combining this with (8) and using (9), we 

obtain 

r + zs((zs) - (Zs)ps11PNs 
(22) ~ ~~~~~~~~En (ZS )IZS 

Finally, noting that QS/Qs = (X - 1)4(zs) zs and defining Q 

Qh / Ql, we also have 

(23) Q = (X - 1)(Zh4(zh) Z- 14z1))Q. 

Equations (22) and (23) completely describe the dynamics of the 

system. To analyze local dynamics and stability in the neighbor- 
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saddle path stable around the BGP. Therefore, when HIL and 

Qhl Qi are below their BGP value, we have Zh > zj, and the 

economy converges to BGP by accumulating skills and more 

skill-complementary technologies. 
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