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1. Introduction

The aggregate, long-run elasticity of substitution between
nore and | ess educated workers (the slope of the relative
demand curve for nore educated workers) plays an inportant
role in several areas of econom cs. For instance, the extent
to which differences in average | abor productivity across
countries can be explained by differences in |levels of
educati on depends on this substitution elasticity (e.g.

Kl enow and Rodri guez-C are 1997, Hendricks 2002). The i npact
of an increase in the share of nore educated workers on the
average return to education is also determ ned by the

el asticity of substitution between nore and | ess educated
wor kers. And under st andi ng whet her technol ogi cal change is
bi ased towards nore or | ess educated workers al so requires
know edge of this substitution elasticity (e.g. Autor and
Katz 1999, Katz and Murphy 1992). Qur main contribution in
this paper is to provide estimates of the long-run elasticity
of substitution between nore and | ess educat ed workers using
data on U S. states for the period 1950-1990.

The literature estimating the elasticity of substitution
bet ween workers with different |evels of education using
aggregate data stretches fromthe 1970s (e.g. Bow es 1970,
Dougherty 1972, Fallon and Layard 1975) to the 1990s (e.g.
Katz and Murphy 1992). One of the main difficulties faced by
researchers in this area is that the relative supply of nore
educat ed workers can be expected to depend on the wage
prem umthey receive. For exanple, an increase in the
relative supply of nore educated workers nmay be a response to
a higher education wage prem um driven by technol ogi ca
change favoring this group of workers (e.g. Acenoglu 1998,
Fal l on and Layard 1975). This |leads to the standard



identification problem To the extent that the relative
supply of nore educated workers responds to shifts in the
relative demand, there nay be little correlation between the
relative supply of nore educated workers and the equilibrium
education wage premumeven if firns substitute away from
nor e educat ed workers when the educati on wage prem umri ses
(that is even if the relative demand curve for nore educated
wor kers is downward sl oping).

We identify the long-run elasticity of substitution between
nore and | ess educated workers at the US state | evel using
data fromthe (five) 1950-1990 decenni al censuses. Qur
enpirical approach allows for state and tine fixed effects
and relies on tinme and state dependent child |abor and
compul sory school attendance |aws as instrunments for the
(endogenous) relative supply of nore educated workers (data
on these | aws have been coll ected by Acenoglu and Angri st
(2000)). CQur identifying assunption is that changes in these
| aws are independent of expected shifts in the relative
demand for nore educated workers. Qur principal conceptua
framewor k adapts the approach of Katz and Murphy (1992), but
we al so consider the so-called translog franework as an
alternative. The main difference between the two approaches
is that the translog framework allows the elasticity of
substitution between workers with different education |evels
to vary with their relative supply.

W estimate the long-run elasticity of substitution between
nore and | ess educated workers with a variety of nethods,
rangi ng fromtwo stage | east squares to Fuller-nodified
[imted information maxi mum |ikelihood, which has been shown
to be nore robust to instrunment weakness than two stage | east
squares (e.g. Stock, Wight, and Yogo 2002, Hahn and Hausman
2002). Qur estimates of the long-run elasticity of
substitution between workers with high and | ow educati on
| evel s range between 1.2 and 2 and our preferred estimate is



1.5. These estimates are simlar to several other estimates
that try to correct for the endogeneity of average schooling
attai nment (using approaches that differ fromours).

Estinmation of the elasticity of substitution between workers
with different |evels of education has been linked to the
anal ysi s of biased technol ogi cal change since the 1970s. For
exanpl e, Fallon and Layard (1975) ask why the secul ar
increase in the supply of nore educated workers in the 1950s
and 1960s did not decrease the educati on wage prem um and
Giliches (1969), Bowl es (1970) and Dougherty (1972)
previously analyzed very simlar issues. The increase in the
education wage prenm umduring the 1980s revived interest in
this question (e.g. Katz and Murphy 1992). W quantify the
differences in the skill bias of technol ogical change across
US states between 1950 and 1990 usi ng both the constant
el asticity of substitution framework of Katz and Mirphy
(1992) and the transl og franework.

The rest of the paper is organized as follows. Section 2
presents the constant elasticity of substitution franmework
and our main estinmating equation. Section 3 discusses the
data and instrunents. Section 4 presents and di scusses our
estimates of the long-run elasticity of substitution between
nore and | ess educated workers obtai ned using the constant
el asticity of substitution franework. Section 5 presents the
transl og specification and the inplied elasticity estimates.
Section 6 presents and di scusses our estimtes of skil
bi ased technol ogi cal change for U S. states between 1950 and
1990. Section 7 summarizes and concl udes.

2. The Constant Elasticity of Substitution Franmework

Qur sinplest nodel assunes that output Y in state s in year t
is produced according to a constant returns to scale,
constant elasticity of substitution production function
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(1)

es-! s-1
Yot = Ast g-s? +BgHg?

where Ls; denotes efficiency units of |ess educated workers
and H; efficiency units of nore educated workers enployed in
production. A;; and Bg; capture Hicks-neutral and skill - biased

shifts in technol ogy respectively. And the paraneter s >0
determ nes the substitutability between nore and | ess
educat ed workers. We have elimnated physical capital from
t he production function for sinplicity. Including physical
capital in the analysis is straightforward and does not | ead
to changes in the specification or interpretation of our
results under assunptions that we defend as reasonable in the
Appendi Xx.

The production function in (1) conbined wi th cost
m nimzation and price taking in the | abor market |eads to

the following relative demand curve for nore educated workers

In(HS/ L2) =-s Inwl /wi )+s InBy. (2)

Hence, the long-run elasticity of substitution between nore
and | ess educated workers (the percentage decrease in the

rel ative demand for nore educated workers, HP/L®, in
response to a one percent increase in their relative wage,
w"/wh) is equal tos. It is a defining feature of the

constant elasticity of substitution production function that
this elasticity is constant along the relative demand curve.
In Section 5 we inplenent a (translog) specification that
allows the substitution elasticity to vary al ong the demand
curve.

In labor market equilibrium the relative demand for nore

educated workers is equal to the relative supply, H/L.



Hence, (2) inplies that equilibriumwages are |inked to the
rel ative supply of nore educated workers by

In(W /we) =-(1/s)In(Hg / Lg) +a, +ag +Ug, (3)

where we have witten skill-biased technol ogy, InB,, as the

st’

sumof a fixed state effect, a tine effect, and a residual
state-tine effect, a,+a,+uy. This is our nain estimating

equati on.

As the long-run relative supply of nore educated workers at
the state level is likely to be positively correlated with
shifts in relative | abor demand at the state | evel (captured
by uy) the coefficient 1/s cannot be estimated consistently
usi ng | east squares (the positive correlation nmay arise
because of interstate mgration or extended studies in
response to higher wage prem a for nore educated workers). W
therefore use instrunmental variables estimtion. CQur
i nstruments are constructed using information on conpul sory
attendance and child | abor |aws gat hered by Acenoglu and
Angri st (2000) (who al so show that these | aws affect average
| evel s of education of US states). Qur identifying assunption
is that changes in conpul sory attendance and child | abor |aws
are unrelated to the expected skill -biased technol ogy shock.

3. Data and I nstrunents

3.1. Labor Supply and Wages

Qur wage and | abor supply data come fromthe U S. Census
Integrated Public Use Mcrodata Sanple (I PUMS) and refer to
the (five) 1950-1990 decenni al censuses. Al wage data used
in our enpirical work refers to U.S.-born white nal es between
40 and 50 years of age. This ensures that changes in average
wages are not driven by age, gender, or race conposition. Qur
data identify the highest schooling degree obtai ned by each



person in the sanple. This allows us to group workers in four
education categories: high school dropouts (HSD) are workers
wi t hout a hi gh school degree, high school graduates (HSG are
workers with a high school degree who did not go to coll ege,
col |l ege dropouts (CD) are workers with at |east one year of
schooling after high school but no coll ege degree, and
col l ege graduates (CG are workers with a four-year coll ege
degree. The supply of workers with different education |evels
in each state are neasured as the share of white male workers
bet ween 21 and 59 years of age in the four education
categories. Qur enpirical approach treats HSD as | ess

educated workers, L, °L5°, and HSG CD, and CG as nore

educat ed workers. The three categories of nore educated

workers are treated as perfect substitutes in production and
aggregated according to H ° LISC +1SP WP /WSC) + L° We 1w 5¢),

€6 w'SCdenote average national wages for college

where weP, w
dropouts, college graduates, and high school graduates in the
wage sanple. This fornula inplies that the supply of nore

educated workers is neasured in high school equival ence
units. We neasure w-as the average weekly wage of workers

wi t hout a high school degree in the wage sanple and w' as the
aver age weekly wage of high school equival ent workers in the
wage sanple (details are given in the Appendix). As

robust ness check we al so neasure nore educated workers in
col | ege equi val ence units.

W associate the cut-off between nore and | ess educat ed
workers with high school graduation for three reasons. First,
bet ween 1950 and 1990, the nobst inportant aspect of increased
schooling attai nment was the rising share of workers with at
| east a high school degree. Table 1 shows that the group of
wor kers wi t hout a high school degree decreased from 60%in
1950 to 12% in 1990. The increase of college graduates, in
conpari son, was nuch snmaller (from8%in 1950 to 25%in



1990). Second, associating the cut-off between nore and | ess
educat ed workers with high school graduation is in line with
the cross-country literature on the role of education for
econoni ¢ devel opnent (e.g. Mankiw, Rormer and Weil 1992, Bils
and Kl enow 1998, Caselli and Col eman 2002a, Hendricks 2002).
Third, our instruments for changes in the relative supply of
nore educat ed workers, changes in conpul sory attendance and
child labor laws, mainly affect the high school graduation
mar gi n.

Table 2 shows the evolution of the wage prem um of coll ege
graduates rel ative to high school dropouts between 1950 and
1990 and conpares it with the wage prem um of coll ege
graduates relative to high school graduates. The wage prem um
of college graduates relative to high school dropouts
i ncreased by 90% over the whol e period, which exceeds the
i ncrease of the coll ege graduat es-hi gh school graduates wage
premium The qualitative behavior of the two educati on wage

prem a in each decade is simlar.

3.2. Instrunents

Acenogl u and Angrist (2000) have collected data on state and
year specific conpul sory attendance and child |abor |aws. W
use these laws as instrunments for changes in the relative
supply of nore educated workers at the state |level. The basic
information is summarized in eight dunm es, CL6-CL9 and CA8-
CAll, associated with each individual in our sanple. For
exanple the dummy CL7 is equal to one, and all other child

| abor | aw dumrmi es are equal to zero, if the state where the
individual is likely to have |ived when aged 14 had child

| abor | aws inposing a mnimmof 7 years of schooling. And
the dummry CA8 is equal to one, and all other conpul sory
attendance | aw dunmies are equal to zero, if the state where
the individual is likely to have |ived when aged 14 had
compul sory attendance | aws inposing a m ni mumof 8 years of



schooling. The eight dumm es are used to calculate the share
of individuals for whom each of the CL6-CL9 and CA8- CAll
dummies is equal to one in each state. Six out of these eight
shares (we omt CL6 and CA8 as both sets of variables add up
to one) are used as instrunents for the relative supply of
nore educated workers. The data does not include precise

i nformati on on where individuals |lived when aged 14, which is
why we follow Acenoglu and Angrist (2000) in assum ng that at
age 14 individuals either all lived in the current state of
resi dence (state-of-residence approach) or in the state where
they were born (state-of-birth approach). Each net hod has
drawbacks and advant ages. For exanple, the state-of-birth
approach probably approxi mates better the residence at age
14, which should translate into better explanatory power of
the instruments for the relative supply of nore educated
workers. But if interstate migration responds to differences
in education prem a, states that experience upward shifts in
the relative | abor demand for nore educated workers may
attract relatively nore workers fromstates with nore
restrictive conmpul sory attendance and child | abor |aws. And
this may i nduce a correlation between the instruments and
relative | abor demand shifts. The state-of-residence
approach, on the other hand, generates correl ati on between
the instrunents and the relative supply of nore educated

wor kers only through the group of people who were affected by
t he conpul sory attendance and child | abor laws at 14 and did
not mgrate to another state. This mninmzes concerns
regardi ng the endogeneity of the instrunents but at the sane
time reduces their explanatory power for the relative supply
of nore educat ed workers.

Qur identifying assunption is that changes in child | abor
and conpul sory attendance | aws are not affected by expected
shifts in the relative demand for nore educated workers. This
assunption seens reasonabl e. Acenoglu and Angrist (2000)



argue that changes in these | aws were determ ned by socio-
political forces operating at the time of their

i mpl ementation. It seens unlikely that these forces were
related to future shifts in the relative demand for nore
educat ed workers. Moreover, Acenpglu and Angrist (2000) show
that changes in child | abor and conpul sory attendance | aws

af fected schooling primarily in those grades that were
directly targeted, which is unlikely to be consistent with
changes in laws being driven by future shifts in the |abor
demand for nore educated workers in general. In addition
Lochner and Moretti (2004) report that changes in child | abor
and conpul sory attendance | aws preceded increases in
schooling. The correl ati on between changes in child | abor and
compul sory attendance | aws and subsequent changes in the
relative supply of nore educated workers is therefore
unlikely to be driven by omtted factors such as tastes for
schooling or fam |y background vari abl es.

Table 3 reports first-stage regression results for state-of-
resi dence and state-of -birth instruments using different
approaches to the neasurenent of the relative supply of nore
educat ed workers. The regressions include state as well as
tinme fixed effects. Conparing the results using the state-of-
resi dence approach (specifications (1) to (3)) and the state-
of -birth approach (specifications (4) to (6)) confirns that
the instrunents have nore expl anatory power when constructed
using the state-of-birth approach. This can be seen either
| ooking at the F-statistic for the joint significance of al
child labor and conpul sory attendance |aw instrunents or at

the parti al R?. It can also be seen that the expl anat ory
power of the instrunents varies according to howthe relative
supply of nore educated workers is constructed. Generally
speaki ng, instrunments work best when used to predict the
(raw) ratio of high school graduates to high school dropouts
(specifications (1) and (4)). Differences across



specifications are relatively snmall when using the state-of -
birth approach however. In this case, the F-statistic for the
joint significance of all child | abor and conpul sory
attendance law instrunents is simlar whether we predict the
(raw) ratio of high school graduates to high school dropouts,
the ratio of nore educated workers in high school equival ence
units to high school dropouts, or the ratio of nore educated
workers in coll ege equival ence units to high school dropouts.
Tabl e 3 shows that the effect of the child | abor and
compul sory attendance |aw i nstrunents on the decenni al
changes of the relative supply of nore educated workers is of
the expected sign. Their joint |evel of significance varies
between 0. 1% and 8% To ensure that our estimtes of the
l ong-run elasticity of substitution are as robust as possible
to weak instrunent concerns we inplenent the limted
i nformati on maxi mum | i kel i hood estinmator recommended by Chao
and Swanson (2002) as well as the Fuller-nodified Iimted
i nformati on maxi mum | i kel i hood esti mator reconmended by
Stock, Wight, and Yogo (2002) and by Hahn and Hausman (2002)
in addition to the two stage | east squares estinator.

4. Estinmates

4.1. Elasticity of Substitution

Table 4 summari zes our estimates of the long-run elasticity
of substitution s between nore and | ess educated workers,
with standard errors in parentheses. Standard errors are
obt ai ned by applying the delta-nmethod (e.g. Ruud 2000, page
367) to the distribution of the original estimate (1/s)
obtai ned by estimating (3). The three panels correspond to
results obtained using | east squares estinmation (Panel A),

i nstrunmental variables estimation using the state-of-

resi dence approach (Panel B), and instrunental variables
estimation using the state-of -birth approach (Panel C). The
colums correspond to different ways of neasuring the supply



of nore educated workers. Columm (1) neasures nore educated
wor kers in high school equivalence units, colum (2) neasures
nore educated workers in college equival ence units, and
colum (3) neasures nore educated workers by the (raw) nunber
of high school graduates.

The results in row (i) of Panel A refer to | east squares
estimtes of the long-run elasticity of substitution between
nore and | ess educated workers and do not account for fixed
state effects or tine effects. The results indicate that a
hi gher rel ative supply of nore educated workers is associ ated
with higher relative wages for nore educated workers (because
the point estinate of the coefficient is negative). The
results in row (ii), obtained using |least squares with state
and tinme fixed effects, nmake clear that the finding of a
positive correlation between the relative supply of nore
educat ed workers and the education wage premumin row (i) is
driven by omtted fixed effects. Once these effects are
included in the enpirical analysis, a higher relative supply
of nore educated workers is associated with |ower relative
wages for nore educated workers. The long-run elasticity of
substitution between nore and | ess educated workers in row
(ii) is around 3 with a standard error around 0.65 (with
relatively small variations depending on how t he supply of
nore educated workers is neasured). We refer to this estinmate
as the long-run elasticity because estimation relies on 10-
year changes in the relative supply of nore educated workers
and their relative wage.

As the relative supply of nore educated workers is likely to
be positively correlated with outward shifts in relative
| abor denmand, instrumental variables estimation is preferable
to |l east squares estimation. Panel B gives the results of
estimating the long-run elasticity of substitution between
nore and | ess educated workers using conpul sory attendance
and child labor laws as instrunments for the relative supply



of nore educated workers. The instrunments are constructed
foll owi ng the state-of-residence approach. Row (i) contains
two stage | east squares estimates of the long-run elasticity
of substitution controlling for state and tine fixed effects.
It can be seen that the value is less than half of the
correspondi ng | east squares estinate, while the estinated
standard errors are simlar in the two cases. This confirnms
the suspicion that the | east squares estinmator of the |ong-
run elasticity of substitution is biased upward. As our
enpirical specification is over-identified we can test the
exogeneity of the instrunents (using a version of the Hausman
test that allows for heteroskedasticity of the residuals, see
Whol ri dge 2001, page 123). The test does not reject the nul
hypot hesi s that all instrunents are exogenous at the 5%
confidence | evel no matter how we neasure the supply of nore
educat ed workers.

Panel B, rows (ii)-(iv) inplenment three instrunental
vari abl es estimators that have been shown to be nore robust
to weak instrunent concerns than two stage | east squares. The
limted informati on maxi mum | i kel i hood estinmate of the |ong-
run elasticity of substitution is sonewhat snaller but nore
preci se than two stage | east squares estinmates. The two
Fuller limted information maxi mum|likelihood estimates are
calcul ated for Fuller constants 4 and 1. The Fuller constant
1 results in the npst unbiased estimator and i s reconmended
when one wants to test hypotheses; the Fuller constant 4
m nimzes the nean square error of the estimator (Fuller
1977). Both Fuller limted information nmaxi nrumlikelihood
estimates are simlar to two stage | east squares estinates.

Panel C presents instrunental variables estimtes of the
| ong-run elasticity of substitution when the child |Iabor and
compul sory attendance | aw i nstrunents are constructed
following the state-of -birth approach. Row (i) contains the
two stage | east squares estimate of the long-run elasticity



of substitution controlling for state and tine fixed effects.
Point estimates are very simlar or larger than in the
correspondi ng specification using the state-of-residence
approach (dependi ng on how we neasure the supply of nore
educat ed workers), while standard errors are sonewhat
smaller. This is consistent with the state-of-birth approach
bei ng preferable to the state-of -resi dence approach in terns
of predicting the relative supply of nore educated workers
but also nore likely to be affected by interstate mgration.
| mpl ementing the Hausman test of over-identifying
restrictions yields that instrunent exogeneity cannot be
rejected at the 5% confidence | evel except in columm (2)
where the supply of nore educated workers is neasured in
col | ege equival ence units (the p-value is 7%in this case).
Panel C, rows (ii)-(iv) inplenment the three instrunental
variabl e estimators that have been shown to be nore robust to
weak instrument concerns than two stage | east squares
(l'imted information maxi mum |likelihood and Fuller limted
i nformati on maxi mum |i kelihood with Fuller constants equal to
1 and 4 respectively). Estimates are very close to two stage
| east squares val ues and standard errors are somewhat
smal ler. Point estimates of the long-run elasticity of
substitution obtained using different instrunental variables
speci fi cations and neasures of the supply of nore educated
workers are therefore rather simlar and range from1.2 to 2.
Qur preferred estimator is the Fuller limted informtion
maxi mum | i kel i hood estimator mnim zing the nean square error
usi ng state-of-residence instrunments (Panel B, row (ivV),
colum (1)), which yields a highly significant |ong-run
el asticity of substitution between nore and | ess educated
workers of 1.5, close to the mddle of the range of estinmates
obt ai ned using other instrunmental variables estinmation
nmet hods.



4.2. Stability of the Elasticity of Substitution over Tine
So far we have assuned the long-run elasticity of
substitution between nore and | ess educated workers to be
constant over tinme. W now test this assunption by allow ng
the elasticity of substitution to differ between the 1950-
1970 period and the 1970- 1990 period. Using the state-of-
residence instruments and nmeasuring nore educated workers in
hi gh school equival ence units, yields a two stage | east
squares estimte of the elasticity of substitution of 1.61
with a standard error of 0.85 for the 1950-1970 period and
1.47 with a standard error of 0.71 for the 1970-1990 peri od.
Using the state-of-birth instrunents, the two stage | east
squares estimate is 1.92 with a standard error of 0.92 for
the 1950- 1970 period and 1.72 with a standard error of 0.63
for the 1970-1990 period. Hence, point estinmates are very
simlar to those obtained for the 1950- 1990 peri od and
standard errors are sonewhat |arger. The hypothesis that the
| ong-run elasticity of substitution has remnai ned

approxi mately constant cannot be rejected at any standard

| evel of significance and we therefore conclude that the
assunption is reasonable. The other instrunental variables

estimators yield very simlar results.

4.3. Conparisons with Previous Estimates of the Elasticity of
Substitution

Table 5 summari zes estimates of the aggregate elasticity of
substitution between nore and | ess educat ed workers obtai ned
in previous studies. Fallon and Layard (1975) estimate the

| ong-run aggregate elasticity of substitution between nore
and | ess educated workers to be 1.49 using cross-country
data. They use a sinultaneous equations approach with incone
per capita as an instrunent for the rel ative supply of nore
educat ed workers. Caselli and Col eman (2002a) al so estimte
the aggregate elasticity of substitution between nore and



| ess educat ed workers using cross-country data and find a
value of 1.31. Katz and Murphy (1992) estinate the aggregate
el asticity of substitution between nore and | ess educated
workers using U.S. time-series data for the 1963-1987 peri od.
Their identifying assunption is that year-by-year variations
in the relative supply of nore educated workers are

i ndependent of skill-biased technol ogy shocks. Their
estimate, which is probably best interpreted as a short-run
substitution elasticity, is 1.41. Krusell, Ohanian, Ri os-
Rull, and Violante (2000) also use US tinme-series data to
estimate the short-run aggregate elasticity of substitution
bet ween nore and | ess educated workers and find a val ue of
1.66. Murphy, Riddle, and Romer (1998) apply the Katz and
Mur phy (1992) approach to Canadi an tine-series data and
obtain an estimte of 1.36. Hence, our preferred estinmate of
the aggregate elasticity of substitution between nore and

| ess educated workers (1.5) lies in the mddle of the range
of estinmates obtained in previous studies. It is interesting
to note that our estimate of the long-run elasticity of
substitution is rather simlar to estimtes of the short-run
elasticity of substitution available for the U S. This may be
an indication that it is not nuch easier to substitute |ess
educat ed workers for nore educated workers in the long run
than in the short run

5. Translog Estimates of the Elasticity of Substitution

The constant elasticity of substitution aggregate production
function assunmes that the elasticity of the relative demand
for nore educated workers with respect to relative wage of
nore educated workers is constant along the relative denand
curve. This assunption can be rel axed by using a transl og
specification instead. The translog production function is



a a
InYs =Ina +a, In(Ly) +ay In(Hy) +%|n(|-st ) +%|n(Hst)2 +

(4)

+a,,, In(L,,)In(Hy,) +ag, InBIR)In(H, ) +ag, In(BIR)In(L,,)

Qur constant returns to scale assunption inplies the
foll owi ng paranmeter restrictions: a, +ay =1, a, +a =0,
ayy ta,y =0, and ag +agy =07?

Cost minimzation and price taking in the |abor market inply
that the share of total wages going to nore educated workers,
which will be denoted by by, is equal to the elasticity of

output with respect to the efficiency units of nore educated

wor ker s,
H
bs © — WStHStL RULC =ay +ay IN(Hy/ Ly) +ag, INBg', (5)
WstHst +Wstht ﬂln HSt

where the |last equality makes use of the translog production
function in (4). This is our basic estimating equation for
the transl og specification. The key paraneter, a, . can be
estimated consistently using the same instrunents and the
sanme identifying assunptions as in the constant elasticity of
substitution case. The elasticity of substitution between

nmore and | ess educated workers s in the translog case can

t hen be obtai ned as

S, 0l+—HL__ (§)
(1- bg)bg
where the subscript st nmakes explicit that the elasticity of
substitution varies across states and over tine.
Table 6 sunmarizes estimates of the parameter a, (obtained
estimating (5 with two stage | east squares controlling for

state and tine fixed effects) and of the inplied elasticity

of substitution evaluated at the US average val ue for the



wage share of nore educated workers, S, It can be seen that

st *
ay, is significantly positive, whether we use the state-of-

residence or the state-of-birth approach to construct the
i nstrunments. Conbined with (6) this inplies that the
aggregate long-run elasticity of substitution between nore
and | ess educated workers is greater than unity in al

states. The inplied values for s

are close to the |ong-run
estimates obtained using the constant elasticity of
substitution specification. Estinmates obtai ned using the
limted information maxi mum i kelihood and Fuller nodified
limted information maxi mum|ikelihood nethods are simlar to

two stage | east squares estinates.

6. An Application: Quantifying Shifts in the Relative Denand
for More Educated Workers 1950-1990
Qur constant elasticity of substitution and transl og
estimates of the slope of the relative demand curve for nore
educated workers allow us to identify relative | abor demand
shifts at the US state | evel for the period 1950-1990. CQur
conceptual framework associ ates such shifts with skill-biased
technol ogi cal progress (SBTP). We first identify demand
shifts using the constant elasticity of substitution
specification and then using the transl og specification.
Conmbi ni ng equation (3) with estinmates of the aggregate
elasticity of substitution between nore and | ess educated
workers allows us to estimate shifts of the relative |abor
demand for nore educated workers (SBTP) for each state,

DInB,;, where D denotes the difference between adjacent

decenni al censuses. Table 7 summari zes our estimte of
average annual SBTP for the 48 continental US states over the
peri od 1950- 1990 using our preferred estimate of the
substitution elasticity 1.5). It can be seen that nany
Western U.S. states experienced |arge increases in the



rel ati ve demand for nore educated workers, to the point that
SBTP was as fast as 8% per year. Several Southern states in
contrast had rates of SBTP | ower than 5% per year. As U. S
states have access to the sane technol ogy, these differences
are likely due to the pattern of sectoral specialization.
Most of the states that experienced |arger SBTP started out
with a greater supply of nore educated workers in 1950 and
have seen fast growth in high-tech sectors since.

The relative | abor demand shifts inplied by the transl og
estimtes of the long-run elasticity of substitution between
nore and | ess educated workers can be cal cul ated as

Din(wg /wg)- Zeingn(Hst ). (7)

st @

where s, is the state-tinme specific elasticity of

substitution inplied by the translog production function
(defined in (6)).

Table 7 reports our estimtes of SBTP as inplied by the
transl og specification of the production function. Results
are rather simlar to those obtai ned using the constant
elasticity of substitution specification. Figure 1 plots SBTP
for each state obtained using the constant elasticity of
substitution framework agai nst SBTP obt ai ned using the
translog framework. It can be seen that the correlation is
hi gh (the correlation coefficient is 0.75 and the two nethods
yield very simlar sets of states with sl ow SBTP and sets of
states with rapid SBTP). The main differences arise during
the 1980s where the translog specification yields smaller
rel ative | abor demand shifts than the constant elasticity of
substitution specification. This is because the wage share of
nore educated workers has been increasing over tinme and the
transl og specification inplies that increases in this share

(once it is above 0.5) raise the elasticity of substitution.
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The higher the long-run elasticity of substitution (the
flatter relative |abor demand for nore educated workers), the
smal l er the reduction in the education wage prem um i nplied
by increases in the relative supply of nore educated worker.
Hence, smaller shifts in the relative | abor demand curve for
nore educated workers are necessary to explain rising
education wage prem a. As the long-run elasticity of
substitution inplied by the transl og specification for the
1980s (2.33) is considerably larger than the val ue obt ai ned
with the constant elasticity of substitution specification,
the inplied relative | abor demand shifts are substantially
smaller. As this finding is neither supported by previous
studi es nor by our constant elasticity of substitution
estimtes for the 1970-1990 period, we put nore wei ght on the
constant elasticity of substitution results for the 1980s.
Tabl e 8 presents our estimtes of average annual SBTP across
states for each decade between 1950 and 1990 (formally this
estimate is obtained as (Da; +Dug)/10, see (3)) using our

preferred constant elasticity of substitution estimte of the
| ong-run el asticity of substitution between nore and | ess
educated workers. It can be seen that SBTP accelerated in the
1980s (this finding is consistent with Caselli and Col eman
(2002b)). A less well known result is that there has been
rapid SBTP since the 1950s.

7. Summary

Qur main contribution is to provide estimtes of the |ong-run
elasticity of substitution between nore and | ess educated

wor kers using data on U S. states for the period 1950-1990.
Qur estimates rely on state-tine specific child |abor and
conpul sory attendance |aws as instrunments for changes in the
rel ative supply of nore educated workers and control for
state and time specific fixed effects. Qur preferred

estimator yields a point estimate of the long-run elasticity



of substitution of 1.5. This inplies that a 1% increase in
the rel ative wage of nore educated workers reduces relative
demand by 1.5% O, taking a different perspective, a 1%
increase in the relative supply of nore educated workers
reduces their relative wage by 0.66%

This estinmate of the long-run elasticity of substitution
bet ween nore and | ess educated workers is rather robust to a
series of variations in the neasurenent of the relative
supply of nore educated workers, the construction of the
i nstrunments for changes in relative | abor supply, and the
(instrunental variables) estimation nethod. Qur elasticity
estimate is in the mddle of the range obtained in previous
studies (using either U S. time-series data or cross-country
data) despite substantial differences in the estimtion
nmet hods.
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Tabl es and Fi gures

Tabl e 1:
Evol ution of Schooling in the U S. Wrking Popul ati on
Share of HS |Share of HS Shar e of Shar e of
Year : dr opout s gr aduat es col | ege col | ege
(average US) | (average US) |dropouts gr aduat es
(average US) | (average US)
1950 0. 60 0.22 0.10 0. 08
1960 0. 50 0.28 0.11 0.11
1970 0. 35 0. 35 0. 15 0. 15
1980 0. 22 0. 37 0. 20 0.21
1990 0.12 0.33 0. 30 0. 25
Source: Authors’ calculations on U S. Census |PUMS data 1950, 1960,
1970, 1980, and 1990.
Sample: U S.-born, white, male workers between 21 and 59 years of
age in 48 U S. continental states.
Tabl e 2:
The Evol ution of Relative Wages in the US
Year : WC [ WH W /WS
1950 1.34 1.20
1960 1.69 1.36
1970 1.95 1.45
1980 1.98 1.45
1990 2.55 1.76
Per cent age +90% +46%
change over
whol e period
Source: Authors’ calculations on U'S. Census
| PUMS 1950, 1960, 1970, 1980, and 1990. WAges are
measured as weekly wages of full-time U S.-born,
white, male workers between 40 and 50 years of
age.




Tabl e 3. First-Stage Regressions

I nstrunents Cbt ai ned I nstrunents Qbtai ned
Usi ng Usi ng
St at e- of - Resi dence State-of-Birth Approach
Appr oach
Specifica | (1) (2) (3) (4) (5) (6)
tion
CcL7 0.17 0. 06 0. 06 0.04 0.13 0.13
(0.09) |(0.08) [(0.08) [(0.13) |(0.16 |(0.16)
)
CL8 0.21 0.11 0.12 0. 20 0. 45 0.42
(0.09) |(0.11) |[(0.11) |(0.24) |(0.27 |(0.17)
)
cL9 0. 22 0.10 0. 07 0. 20 0.14 0.16
(0.10) |(0.11) |[(0.11) |(0.13) |(0.21 |(0.21)
)
CA9 0.01 0. 06 0. 06 0.35 0.03 0.03
(0.08) |(0.08) |[(0.08) [(0.10) |(0.219 |(0.18)
)
CAl0 0. 07 0.19 0.19 0. 38 0.11 0.12
(0.09) |(0.11) |[(0.11) |(0.214) |(0.27 |(0.17)
)
CAll 0. 06 0.11 0.10 0.45 0.12 0.12
(0.10) |(0.11) |[(0.12) |(0.15) |(0.12 |(0.12)
)
Parti al 0. 058 0. 056 0. 056 0. 065 0.061 |0.064
R
F-t est 2.56 1.84 1.84 3.91 3.70 3.75
p-val ue 0. 02 0. 08 0.08 0.001 0.003 |0.002
Dependent Variable: In(HdLsg). Al first-stage regressions include state

fixed effects and tinme fixed effects.
errors are reported in parenthesis.

Specification (1) and (4): In(Hy/Lg) calculated using L ° 9P,

Speci fication

HSl ) L|S_|[SG +L(SZID (VT/CD /VVHSG) + L(s:[G (VT/CG /VT/HSG)

(2)

and

(5):

I n(H/ Lgt)
(hi gh school

cal cul at ed

usi ng weights fromrel ative average wages).

Speci fication
Hy © IS8 +1SP (WP /wCe) +L0S6 wHse /w©®) (col | ege equival ence units obtained using

(3)

and

(6):

I n( Hst/ Lst)

wei ghts fromrelative average wages).
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cal cul at ed

usi ng

usi ng

Het er oskedasticity robust

HSG
HSI ° LSt )

HSD
Ly © L5,

equi val ence units obtained

o | HSD
Lot © Lo s



Tabl e 4: Const ant

Elasticity of Substitution Estimtes

Measurenment of Rel ative Supply
of More Educated Wrkers
(1) (2) (3)
Estimati on Met hod Suppl y: Suppl y: Suppl y:
Al l All Goups® |2 G oups
G oups? onl y°
PANEL A
(i) LS - 6. 25%** -6.66*** - 5. 55***
(0. 40) (0. 40) (0.30)
(i1) LS with state dunmi es 2. 85*** 3. 44*** 3. 12*%**
and tinme fixed effects (0.57) (0.71) (0.72)
PANEL B
(i) 2SLS with state dunmm es 1.38** 1. 75* 1. 56*
and tinme fixed effects (0.63) (0.90) (0.85)
(using state-of-residence
i nstrunents)
(iit) LIM. with state 1.20*** 1.63* 1.72*%*
dumm es and tine fixed (0.48) (0.72) (0.69)
ef fects (using state-of-
resi dence instrunents)
(iii) Fuller LI'M, 1. 30** 1. 72** 1.78**
constant=1, with state (0.59) (0. 84) (0.77)
dumm es and tine fixed
effects (using state-of-
resi dence instrunents)
(1v) Fuller LIM, 1.50** 1.96** 2.00*~
constant=4, with state (0. 44) (0.92) (0. 84)
dunmies and time fixed
effects (using state-of-
resi dence instrunents)
PANEL C
(i) 2SLS with state dunm es 1.36*** 1. 78%** 1.96***
and time fixed effects (0.47) (0.71) (0.61)
(using state-of-birth
i nstrunents)
(ii) LIM. with state 1.28*** 1. 69*** 1. 92*%**
dumm es and tine fixed (0.40) (0.61) (0.69)
effects (using state-of-
birth instrunments)
(iii) Fuller LI'M, 1. 33*** 1. 75*%* 1.96**
constant=1, with state (0.42) (0.62) (0.65)
dunmies and time fixed
effects (using state-of -
birth instrunments)
(tv) Fuller LIM, 1.42*** 1.85*** 2.00**
constant=4, with state (0. 45) (0.63) (0.64)
dunmies and time fixed
ef fects (using state-of-
birth instrunments)
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Years: 1950, 1960, 1970, 1980, and 1990, 48 U.S. continental states, Total
of 240 (bservati ons.

The paraneters presented and their standard errors are obtained from the
estimates of equation (3) using heteroskedasticity-robust standard errors
and applying the delta-nethod. Dependent variable in the regression is the
natural logarithm of the ratio between the weekly wage of nore educated
full-time white male workers 40 to 50 years of age and the wage of |ess
educated full-tine white male workers 40 to 50 years of age.

In(Hs/Ls) calculated using i otsP, H,o (S8 +1SP WP weC)+LE5¢ @wHse /W)

® In(Hyq/Lg) cal cul ated using L, © LESP,  Hg © LESC +15P (WP /WHSC) + 1B (WCC /wHse)
©In(Hy/Lg) calculated using Ly ° P, H, oLHSC.

*= significant at 10% **=significant at 5% ***=significant at 1%



Tabl e 5:
Conparison of Estinmates of the Substitution
Elasticity in the Literature

Aut hors, Method, and|Preferred St andar d
Esti mat e Error

Sanpl e

Ci ccone and Peri 1.50 0. 44

2SLS on panel of U S.

St at es

Fal | on and Layard | 1. 49 0. 15

(1975)

Cross-country

Kat z and Mur phy | 1. 41 0. 30

(1992)

LS on u. S time-

series

Murphy et al. (1998) 1. 36 0.24

LS on Canada tine-

Seri es

Krusell et al. (2000) |1.66 0. 63

US. tine-series

Casel || and Colenman|1.31 0.12

(2002a)

Cross-Country

Note: As in mpst of the literature the estimted
par anet er is the inverse of the elasticity of
substitution. W wused those estimates and the delta
method to calculate the point estimte and standard
deviation of the elasticity of substitution.




Tabl e 6: Transl og Esti mates

Par amet er MEASUREMENT OF RELATI VE SUPPLY OF
MORE EDUCATED WORKERS

METHOD OF (1) (2) (3)
ESTI MATI ON Suppl y: Suppl y: Suppl y:

Al | All 2 G oups

G oups? G oups® onl y¢
2SLS with a 0.13** 0. 22*** 0.22***
state dunmies HL (0. 06) (0.08) (0. 06)
and time trend -— 1.54%* 1.93°* 1,93
(using state- S« 0 25 0. 25 0. 25
of - resi dence (0. 25) (0. 25) (0. 25)
i nstrunents)
2SLS with a 0. 12** 0. 25*** 0. 24***
state dunmi es HL (0. 06) (0.07) (0. 05)
and time trend *** - .
(using state- S_st 1.50 2.03 2.01
of-birth (0. 25) (0. 29) (0.21)
i nstrunents)
a, : Estimated from equation (5)
S4q: FElasticity of substitution between nore and |ess educated

wor kers, calculated using equation (6) evaluated at the national

val ue of the wage share of nore educated workers (0.62).

Sanple: 1950, 1960, 1970, 1980,
states; total nunber of observations:
standard errors in parentheses

and 1990, 48 U.S. continental
240; heteroskedasticity robust

In(Hy/Ly) calculated using | oH0, H_ o (S8 4+ PweP wo®)+HSC[wHSe /weC)

Hy, © LHSC 4 [SP(@CP /wHSC) + [SO(%CC /HSC)
HSt © L?ISG )
**=gjgnificant at 5%

® | n(Hg/Ls) cal cul ated using L, o L5sP,
® In(Hy/Lg) calculated using Lg © LHSP,

*= significant at 10% ***=gjgnificant at 1%



Tabl e 7:

Average Annual Skill Biased Technol ogi cal Progress
1950- 1990 by State
State Annual Annual State Annual Annual
SBTP, SBTP, SBTP, SBTP,
CES transl og CES transl og
specifi | specifi speci fi speci fi
cation cation cation cation
Arizona 0. 087 0. 067 | M chi gan 0. 060 0. 048
New Mexi co 0.073 0. 058 | Kent ucky 0. 060 0. 050
Mai ne 0.071 0. 059 | Tennessee 0. 060 0. 053
Ar kansas 0. 070 0. 057 | Texas 0. 060 0. 049
Col or ado 0. 070 0. 048 | Massachusetts 0. 059 0. 040
New Hanpshire 0. 068 0. 053 | Nebr aska 0. 059 0.038
Mont ana 0. 067 0. 050 | Al abarma 0. 059 0. 050
North Carolina 0. 067 0.056 [ Virginia 0. 058 0. 047
Pennsyl vani a 0. 067 0.053 | Georgi a 0. 057 0. 048
New Jer sey 0. 066 0.046 | Chio 0. 055 0. 046
California 0. 066 0. 046 | Wsconsin 0. 055 0. 042
Florida 0. 066 0. 053 [ M ssouri 0. 055 0. 046
Wom ng 0. 065 0.052 | lowa 0. 055 0.041
Connecti cut 0. 065 0. 043 | Ver nont 0. 054 0. 045
I daho 0. 065 0. 051 | Loui si ana 0. 052 0. 045
Ut ah 0. 064 0. 044 | Del awar e 0. 052 0. 041
West Virginia 0. 064 0. 054 | Kansas 0. 052 0.034
M nnesot a 0. 063 0. 043 | M ssi ssi ppi 0. 050 0. 044
New Yor k 0. 063 0. 045 | Nevada 0. 049 0. 039
O egon 0. 062 0. 046 | Gkl ahorma 0. 048 0. 039
ITTinois 0. 062 0. 046 | I ndi ana 0. 048 0. 041
Mar yI and 0. 062 0. 047 | Rhode Isl and 0. 047 0. 037
Sout h Carolina 0. 061 0. 052 | North Dakot a 0. 046 0.034
Washi ngt on 0. 061 0.042 | South Dakot a 0. 039 0. 027
Tabl e 8:
Aver age Annual Skill Biased Technol ogi cal Progress
Decade CES
Speci fication
1950s 0. 051
1960s 0. 061
1970s 0. 054
1980s 0. 075
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Appendi x

A. 1. Physical Capital in the Production Function

Qur framework can easily accommpdat e physical capital as a
separate input, as long as this input and the constant

el asticity of substitution conposite of nore and | ess
educat ed workers enter the production function in a weakly
separable way, or formally, as |long as the aggregate
production function can be witten as

é s sa\sal
Yst =F8Kst’Ast(Lsst +BstHstS ) H (A1)

where Kst i s physical capital. It is straightforward to show
that (Al) conbined with cost mnimzation and price taking in
the | abor market inply that the relative demand for nore
educated workers is given by (2).

A particular case of (Al) is the (Cobb-Douglas) production

(kag)s
s-1

function Y, = AEKZS(L?+B§H:§"'1) This function has the
property that the (state-specific) incone shares going to

capital and to |labor (of all education |evels) are constant
over time and equal to a,and to (1-a.) respectively. The

constancy of |abor shares over time inplied by this
specification turns out to be a reasonabl e description of
U S state data for the 1975- 2000 period as we show in the

next section.

A. 2. Labor Shares in U S. States

W adopt the procedure proposed by CGollin (2002) to calcul ate
| abor incone shares at the U S. state level. The first step
is to inpute as | abor incone all the wage and sal ary i ncone
of enpl oyees. Then we cal cul ate the average | abor incone of

enpl oyees and we inpute to the self-enployed the sanme average
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| abor income. The sum of neasured | abor income of enpl oyees
and i nmputed | abor income of the self-enployed is used as a
nmeasure of total |abor incone. Dividing total |abor inconme by
total incone gives us an estinmate of the |abor incone share
at the state level. State-level data on total incone,

enpl oyees’ wages, and incone of the sel f-enployed are

avail abl e fromthe Bureau of Econonmi c Analysis (2004),

Nati onal | ncone and Production Accounts for 1975-2000. W
then use the state-|evel |abor incone shares over this period
to check whet her |abor incone shares have trended upward or
downward. W cannot reject the hypothesis that |abor incone
shares have no such trend at the 5-percent |evel for 45 out
of 48 states. Wiile there are a few outliers (Al aska and
Wonming with | ow | abor shares and D.C. with high | abor
share), 40 states have | abor shares between 0.67 and 0.72
over the whole period. Details are avail abl e upon request.

A. 3. Data on Wrkers and Wages

The paper uses data fromthe 1950, 1960, 1970, 1980 and 1990
| PUMS files in order to calculate the relative supply of
skills and rel ative wages. The sanple used is exactly the
same as in the work by Acenoglu and Angrist (2000) and kindly
provided to us by the authors. W exclude the non-
continental states (Al aska and Hawaii) and Washington D.C
The wage observations are weighted by the | PUVS wei ghti ng
variable in order to obtain state averages. The schooling
attai nment of individuals are divided into four groups (high
school dropouts, high school graduates, college dropouts and
col | ege graduates) using the variable H GRADED for the 1950-
1980 data and the vari abl e YEARSCH for the 1990 census. The
wage variable used is the weekly wage, in current dollars,
obtai ned by dividing yearly wage (wage and sal ary i ncone) by
t he nunber of weeks worked. Wages are top-coded uniformy
across census years (the censoring is at the 98'" percentile



times 1.5). The wage of a high school (college) efficiency
unit of labor is neasured as total wages of workers with at
| east a high school degree in state s and year t divided by
the supply of nore educated worker in high school (college)
efficiency units. The data on child | abor and comnpul sory
attendance | aws are described in detail in Acenoglu and
Angri st (2000).
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