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Abstract 

Using cross-country estimates of physical and human capital stocks, we run the 
growth accounting regressions implied by a CobbPDouglas aggregate production func- 
tion. Our results indicate that human capital enters insignificantly in explaining per 
capita growth rates. We next specify an alternative model in which the growth rate of 
total factor productivity depends on a nation’s human capital stock level. Tests of this 
specification do indicate a positive role for human capital. 
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1. Introduction 

How does human capital or the educational attainment of the labor force 
affect the output and the growth of an economy? A standard approach is to treat 
human capital, or the average years of schooling of the labor force, as an 
ordinary input in the production function. The recent work of Mankiw, Romer, 
and Weil (1992) is in this tradition. An alternative approach, associated with 
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endogenous growth theory,’ is to model technological progress, or the growth of 
total factor productivity, as a function of the level of education or human 
capital. The presumption is that an educated labor force is better at creating, 
implementing, and adopting new technologies, thereby generating growth. In 
this paper, we attempt to empirically distinguish between these two approaches. 
At the end we also briefly comment on the impact of some ancillary variables, 
such as political instability and income inequality, on economic growth and 
factor accumulation. 

Because of data constraints, the literature has often attempted to proxy the 
variables relevant to growth accounting by those which are directly observable. 
For example, although physical capital stocks are necessary to estimate the 
growth accounting equations, the literature has usually used gross investment 
rates as a proxy for physical capital accumulation (Barro, 1991).’ In addition, 
human capital has been proxied in the literature by enrollment ratios or literacy 
rates. At best, however, enrollment ratios represent investment levels in human 
capital. Literacy is a stock variable, but there are important empirical problems 
associated with the use of literacy as a proxy for human capital.3 

This paper uses estimates of physical and human capital stocks to examine 
cross-country evidence on the determinants of economic growth. We begin with 
estimation of a standard Cobb-Douglas production function in which labor and 
human and physical capital enter as factors of production. Our findings shed 
some doubt on the traditional role given to human capital in the development 
process as a separate factor of production. In our first set of results, we find that 
human capital growth has an insignificant, and usually negative effect in ex- 
plaining per capita income growth. This result is robust to a number of 
alternative specifications and data sources, as well as to the possibility of bias 
which is encountered when regressing per capita income growth on accumulated 
factors of production. 

Nonetheless, human capital accumulation has long been stressed as a pre- 
requisite for economic growth. As pointed out by Nelson and Phelps (1966), by 
treating human capital simply as another factor in growth accounting we may 
be misspecifying its role. Below, we introduce an alternative model which allows 
human capital levels to directly affect aggregate factor productivity through two 
channels: Following Romer (1990a), we postulate that human capital may 

I For example, see Romer (I 990a, b). 

‘An exception is the work of Mankiw, Romer, and Weil (1992). In their study, they are able to 

generate a specification in terms of investment rates by assuming that all countries are in their steady 
state. 

‘These include quality of measurement differences across countries, biases introduced by the 
skewness of sampling towards urban areas, and the fact developed countries typically have literacy 

rates which are close to unity. 



J. Benhahih, M. M. Spiqrl I Journal of Monetary Economics 34 (1994) 143- I73 145 

directly influence productivity by determining the capacity of nations to innova- 
te new technologies suited to domestic production. Furthermore, we adapt the 
Nelson and Phelps (1966) model to allow human capital levels to affect the speed 
of technological catch-up and diffusion. We assume that the ability of a nation 
to adopt and implement new technology from abroad is a function of its 
domestic human capital stock. In our model, at every point in time there exists 
some country which is the world leader in technology. The speed with which 
nations ‘catch up’ to this leader country is then a function of their human capital 
stocks. 

The combination of these two forces, domestic innovation and catch-up, 
produces some noteworthy results: First, under certain conditions (in particular 
when the innovation parameter dominates), growth rates may differ across 
countries for a long time due to differences in levels of human capital stocks. 
Second, a country which lies below the ‘leader nation’ in technology, but 
possesses a higher human capital stock, will catch up and overtake the leader in 
a finite time period. Third, the country with the highest stock of human capital 
will always eventually emerge as the technological leader nation in finite time 
and maintain its leadership as long as its human capital advantage is sustained. 

We test the specification indicated by this alternative model below. Our 
findings assign a positive role to the levels of human capital in growth ac- 
counting. Our results below generally confirm that per capita income growth 
indeed depends positively upon average levels of human capital, although not 
always measurably at a 5% confidence level. 

An additional role for human capital may be as an engine for attracting other 
factors, such as physical capital, which also contributes measurably to per capita 
income growth. Lucas (1990) suggested that physical capital fails to flow to poor 
countries because of their relatively poor endowments of complementary human 
capital. Below, we investigate this relationship by examining the determinants of 
cross-sectional gross investment rates as a share of the capital stock. In addition, 
we examine the implications of ‘ancillary variables’, including political instabil- 
ity and income distribution for investment rates.4 Our results indicate that levels 
of human capital play an important role in attracting physical capital. However 
the ancillary variables fail to measurably affect rate of investment once one 
accounts for differences in factor accumulation across countries. 

This paper is organized into seven sections. The following section introduces 
the methodology used in the standard growth accounting regressions and 
provides an overview of the generation of the physical and human capital stock 
variables. Section 3 then introduces the alternative theoretical model in which 
human capital plays a role in determining productivity, rather than entering on 

40ther ancillary variables have been found to be significantly correlated with growth. For example, 

King and Levine (1992, 1993) find a strong correlation between financial development and growth. 
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its own as a factor of production. Section 4 empirically tests this alternative 
specification, including the robustness of the results to the inclusion of the 
ancillary variables. Section 5 then derives and tests a more structural specifica- 
tion. Section 6 investigates the impact of human capital on rates of physical 
capital accumulation. Section 7 concludes. 

2. Growth accounting with human capital as a factor of production 

2.1. Methodology and data 

The standard growth accounting methodology with human capital specifies 
an aggregate production function in which per capita income, Y,, is dependent 
upon three input factors ~ labor, L,, physical capital, K,, and human capital, H,. 
Assuming a Cobb-Douglas technology, Y, = A, K; Lf H:‘E,, and taking log dif- 
ferences, the relationship for long-term growth can be expressed as 

(log Yr - log Y,) = (log Ar - log A,) + r(log KT - log K,) 

+ /(log LT - log L,) + g(log HT - log H,) 

+ (log&T - log i-:0). (1) 

A difficulty associated with estimating aggregate production functions such as 
Eq. (1) concerns the possibility that because physical and human capital are 
accumulated factors, they will be correlated with the error term E,. This would 
imply the possibility of biased estimates. In the appendix, we attempt to 
empirically assess the likely signs of the biases on the coefficient estimates. Our 
results indicate that there is likely to be an upward coefficient bias on the CY and 
1’ estimates, and a downward bias on our estimate of p. In particular, this bias 
may lead us to overestimate the importance of human and physical capita1 
accumulation in the growth equations. 

We estimate Eq. (1) in the standard growth accounting framework by regress- 
ing log differences in income on log differences of factors. If this specification is 
correct, this methodology would provide estimates of the magnitudes of 2, /L 
and ;‘. In addition, we introduce a number of ‘ancillary variables’ to allow for 
some productivity differences, such as proxies for political instability and distor- 
tionary activity. 

In practice, data for physical and human capita1 stocks are not available for 
large cross-country samples. Nevertheless, we estimate a variety of measures of 
physical capital stocks of nations by using alternative assumptions to generate 
capital stock estimates from investment flows. Our results do not depend upon 
our choice of capital stock estimate. The various methodologies used in the 
construction of the capital stock estimates are described in the Appendix. 
Human capital stock estimates have been constructed by Kyriacou (1991). 
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Kyriacou estimates human capital stocks by first estimating the relationship 
between the educational attainment of the labor force from 1974 through 1977, 
available for 42 countries, and past values of human capital investment, such as 
enrollment in primary, secondary, and tertiary education. He then extrapolates 
from these results to a larger set of countries. His methodology is also described 
in greater detail in the appendix. 

Income, population, and labor force data data are acquired from the 
SummerssHeston (1991) data set. Although one would expect that the labor 
force estimate would be a superior measure of the labor force of a country, we 
would suspect that the accuracy of this measure would vary broadly, and in 
particular be relatively suspect in less developed countries, where workers in 
traditional agriculture may or may not be recorded as members of the labor 
force. As a sensitivity measure, we run all regressions reported below using both 
population and labor force data. The results with population growth were quite 
similar to those obtained using labor force data.5 

2.2. Rc~sults 

Prior to running the formal growth regressions, one can see that the standard 
specification is unlikely to yield results which imply a strong role for human 
capital growth by observing the univariate relationship between log differences 
in income and the log differences in the factors of production. These are shown 
for the 1965 through 1985 period in Fig. 1. While log differences in physical 
capital and physical labor are shown to be positively correlated with log 
differences in income, the correlation with log differences in human capital is 
very close to zero. In addition, this result is not dependent upon our use of the 
Kyriacou (1991) measure of human capital. Fig. 2 shows that an equally weak 
correlation exists between log differences in income and log differences in either 
the Barro and Lee (1993) estimate of human capital or literacy. 

The results for the growth regressions run on log differences in income from 
1965 to 1985 are similar. See Table 1. Regressions were run using ordinary least 
squares with White’s heteroscedasticity-consistent covariance estimation 
method. The coefficient on the log difference of capital stocks, dK, enters 
positively and significantly at the 1% confidence level in all the specifications. 
The capital coefficient estimate for the full sample regression is approximately 0.5. 

The coefficient on log differences in ‘labor’, measured by both reported labor 
and population stocks, dL, also enters with the expected positive coefficient, 

“These results are available upon request. In addition, the labor force estimate for Gabon in 1965 

appeared to be particularly unreliable. Implying a 94% participation rate. The reported results 

below exclude the country of Gabon. However, none of the qualitative results change when Gabon IS 

included. 
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(1) Income vs. physical capital 
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Fig. 1. Growth in income vs. factor accumulation. 
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(1) Income vs. human capital (Barro-Lee Data) 
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Fig. 2. Alternative measures of human capital 

although the coefficient estimate appears to be low and the variable rarely enters 
significantly at a 5% confidence level6 

The most surprising result concerns the coefficient on the log difference in 
human capital, dH. The log difference in human capita1 always enters insignifi- 
cantly, and almost always with a negative coefficient. One explanation for the 
negative coefficient is that a number of countries, most notably many from 

6When we exclude Botswana, the coefficient on physical labor growth increases to 0.27, while the 
other results are similar. 
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Table I 
Cross-country growth accounting results: Standard specification” 

1965-1985 

Consf. 

DK 

0.269” 

(0.090) 

0.457h 

(0.085) 

1 .947h 

(0.322) 

0.545h 

(0.066) 

l.871b 

(0.349) 

0.555h 

(0.068) 

DL 0.209 

(0.207) 

0.130 

(0.163) 

0.164 

(0.164) 

1.968” 

(0.398) 

0.530b 

(0.088) 

0.225 

(0.192) 

DH 0.063 

(0.079) 

LOG Y” 

~ 0.059 

(0.058) 

~ 0.190b 

(0.036) 

- 0.043 

(0.066) 

- 0.1 85h 

(0.038) 

- 0.080 

(0.064) 

~ 0. I 90b 

(0.041) 

l.127b 

(0.287) 

0.607” 

(0.064) 

0.362’ 

(0.156) 

- 0.028 

(0.065) 

- 0.143h 

(0.038) 

1.654” 

(0.296) 

0.472” 

(0.056) 

0.219 

(0.138) 

~ 0.03 1 

(0.059) 

~ 0.152” 

(0.030) 

OIL 0.097 

(0.141) 

AFRICA - 0.024 

(0. I 44) 

LAAMER ~ 0.107 

(0.065) 

MID 0.675 

(0.761) 

PIQ - 0.057 

(0.057) 

Obs. 78 78 78 78 40 67 

F-stat. 26.609 37.693 30.228 25.610 27.740 22.736 

Model I Model 2 Model 3 Model 4 Model 5 Model 6 

dependent variable: D Y 

“dX refers IO the log difference in variable X. Standard errors are m parentheses 

“lo/ confidence level. 

‘5% confidence level. 

Africa, began the period with extremely low stocks of human capital. Conse- 
quently, those that achieved a modicum of improvement in their educational 
levels were credited with large improvements in this stock. However, it is 
well-known that many of these countries did not experience similar improve- 
ments in output, implying a small coefficient for p in the growth accounting 
regressions. Nevertheless, even when we include African and Latin American 
country dummies, AFRICA and LAAMER, to account for the special experi- 
ences of these countries (Model 4) the results hold. Therefore, even though the 
experience of these countries over the period provides evidence against the 
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standard growth accounting framework, these countries alone do not drive the 
results found in Table 1.7 

Also, note that these country dummies, as well as the dummy for oil-exporting 
countries in Model 3, fail to enter significantly once one accounts for disparities 
in rates of factor accumulation. It seems that proper accounting for capital and 
labor obviate the necessity for including these dummies. Many previous works 
which did not include factor accumulation due to lack of capital stock data, such 
as Barro (1991) found that these dummies entered significantly. 

The negative point estimate on human capital accumulation is robust to the 
inclusion of the log of initial wealth, LOGYo, and cannot be explained by the 
negative correlation between human capital accumulation and initial income 
per worker. Initial income itself robustly enters with a negative and highly 
significant parameter estimate. 

We should note that for a specification with an aggregate production function 
the accumulation of factors are accounted for, and the role of initial income in 
our regressions is unclear. However, initial income may proxy for initial techno- 
logical advantage and, as argued in the next section, the negative coefficient may 
be interpreted as a ‘catch-up’ result. 

Models 5 and 6 introduce ancillary variables to incorporate other factors 
which may play a role in determining per capita growth rates. MID represents 
the relative size of the middle class in a country and is the variable used as 
a measure of income distribution by Persson and Tabellini (1991). Note that the 
sample size available with the introduction of this variable is much smaller, as 
income distribution data is relatively scarce. Once one adjusts for differences in 
rates of factor accumulation, this ancillary variable fails to significantly affect 
growth, contrary to Persson and Tabellini (1991). However, the variable does 
enter with the expected positive sign. 

The final model introduces political instability, PIQ, measured as average 
annual levels of the political instability coefficient, obtained from Gupta (199O).s 
Note that once again the political instability variable fails to enter significantly 
once one accounts for differences in rates of factor accumulation. 

The factor accumulation parameter estimates exhibit stability with respect to 
the inclusion of various combinations of these ancillary variables. This stability 
is desirable in the light of studies which show that the results of cross-country 
growth accounting of this type are likely to be sensitive to the specification 
chosen (Levine and Renelt, 1992). 

‘Using maximum likelihood techniques, we also ran a C.E.S. specification. The elasticity of 

substitution was not measurably different from one. The implied factor shares with a unitary 
elasticity were about 0.5 each for physical capital and labor. while human capital was still 
Insignificant with a point estimate of 0.03. 

‘Gupta (1990) uses discriminant analysis of a variety of political events from the Taylor and Jodice 

(1983) data set to form his index of political instability. 
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Table 2 

Cross-country growth results: Alternative data and specifications” dependent variable: DY 

196551985 - 

Model I Model 2 Model 3 Model 4” Model 5’ Mode1 6d 

Const. 1.947’ 2.022’ 1.380’ 1.959’ 
(0.322) (0.377) (0.281) (0.341) 

DK 0.545’ 0.589’ 0.536 0.522 

(0.066) (0.061) (0.068) (0.073) 

DL 0. I30 0.030 0.214 0.153 

(0.163) (0.138) (0.133) (0.217) 

DH - 0.059 - 0.090 - 0.092 

(0.058) (0.058) (0.068) 

DHB 

1.707’ 

(0.294) 

0.585’ 

(0.053) 

- 0.022 

(0.139) 

- 0.026 

(0.071) 

- 0.166 

(0.030) 

97 
52.541 

DLIT - 0.04 1 

(0.057) 

LOGY, - 0.190 - 0.201’ - 0.129’ - 0.185’ 

(0.036) (0.041) (0.028) (0.038) 

Obs. 78 96 53 57 

F-stat. 37.693 37.862 33.208 25.801 

“dX refers to the log difference in variable X. Standard errors are in parentheses. 

‘Excludes African countries. 

‘Excludes Latin American countries. 

dExcludes oil-exporting countries. 

e I % confidence level. 

1.932’ 

(0.429) 

0.554’ 

(0.069) 

0.183 

(0.169) 

- 0.062 

(0.076) 

- 0.191’ 

(0.045) 

71 

38.646 

To test the robustness of our results for the effect of human capital growth on 
output growth, we experimented with both alternative data and alternative 
subsamples of the complete SummersHeston data set. The results of these 
exercises are shown in Table 2. Models 1,2, and 3 show the results for growth in 
human capital for the Kyriacou (1991), dH, Barro and Lee (1993), dHB, and 
literacy, dLIT, proxies for human capital respectively.’ It can be seen that 
growth in human capital enters insignificantly using all three measures. Models 
4, 5, and 6 show the robustness of the results to alternative subsamples of the 
data, excluding the African, Latin American, and oil-exporting countries, 

‘Since literacy data for 1965 across countries was very limited, we used data for 1960. The data 

therefore reflect growth in literacy from 1960 through 1985. 
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Table 3 

Cross-country income determination in levels” - dependent variable: LOGY 

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 

Const. 0.744 

(0.568) 

LOCK 0.853” 

(0.064) 

LOGL 0.153’ 

(0.066) 

LOGH 0.050 

(0.071) 

LOGHB 

LOGLIT 

Obs. 80 97 
F-stat. 893.10 1284.68 

0.584 0.569 

(0.391) (0.521) 

0.871b 0.866b 

(0.048) (0.049) 

0.136b 0.155b 

(0.055) (0.051) 

0.037 

(0.049) 

115 
1197.91 

2.399b 

(0.325) 

0.643b 

(0.038) 

0.365b 

(0.041) 

0.2 1 7h 

(0.076) 

109 101 

1218.24 1130.18 

2.196b 2.250b 

(0.350) (0.385) 

0.692b 0.694” 
(0.038) (0.030) 

0.319b 0.3lP 
(0.042) (0.033) 

0.039 

(0.078) 

0.080 
(1.003) 

102 

1173.73 

“Models 1,2, and 3 use 1965 data, with the exception of Model 3 for which LOGLIT refers to 1960 
literacy rates. Models 4, 5, and 6 use 1985 data. 

bl % confidence level. 

‘5% confidence level. 

respectively. It can be seen that growth in human capital enters negatively and 
with the incorrect sign in all three subsamples.” 

We may at his point compare our results to those of Mankiw, Romer, and 
Weil (1992). In their first set of regressions Mankiw, Romer, and Weil estimate 
the coefficients of the production function by regressing output levels on labor 
and physical and human capital. They do not use data for stocks, however, but 
are able to proxy for stocks using the flows of investment and school enrollment 
rates by assuming countries are in a steady state in the context of an augmented 
Solow model. Their estimates are obtained using output data for 1985 and 
averages for investment flows from 1960 through 1985. Using our physical 
capital stock data, we can run their specification in levels for individual years. 

Our results for the specification in levels using different measures of human 
capital for the beginning and ending years of the sample are shown in Table 3. 

“‘As an additional test of robustness, we also used the same specification with cross-state manufac- 

turing data for the United States. Our results were similar in the sense that differences in human 

capital were insignificant. Log levels of human capital, consistent with our specification below, 
entered with positive sign, but were insignificant, perhaps due to lack of much variation in education 

levels across U.S. states. These regressions were reported in an earlier version of this paper and are 
available upon request. 
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Using the Kyriacou human capital measure, we can reproduce their result that 
human capital enters in levels in explaining income (Y) in 1985, but not in 1965. 
This is not surprising, since we found that human capital did not enter into log 
differences above. In addition, neither the Barro-Lee measure of human capital 
nor the literacy measure enters significantly in explaining income for either the 
beginning or ending year of the period. 

The augmented Solow model with human capital implies that the growth of 
output will be proportional to the distance of current output from its steady 
state, which is of course a function of steady state physical capital stocks and 
labor. Again, using steady state flows to proxy for steady state stocks, Mankiw, 
Romer, and Weil test this formulation by regressing growth in output on current 
income, on flows of investment, and on secondary school enrollments. They 
obtain estimates for the coefficients on labor and the stocks of physical and 
human capital in the production function, as well as the coefficient on initial 
income, which turns out to be negative and implies conditional convergence. 
Above (Table l), we estimate a closely related equation without making the 
steady state assumptions. In addition to initial income, we use the growth of 
physical and human capital stocks over the period 196551985 as independent 
variables to explain the growth of income. While we also obtain a negative 
coefficient on initial income, the coefficient for human capital is insignificant and 
enters with the wrong sign. ” Moreover, as we see in Table 2, this result is 
independent of whether we use the Kyriacou, Barro-Lee, or literacy data sets as 
proxies for the stock of human capital in computing the growth rates of human 
capital. 

Nevertheless, if we interpret the school enrollment variable in the conditional 
convergence regressions of Mankiw, Romer, and Weil as a proxy for an average 
level of human capital stocks, then their regressions would be in close accord 
with our regressions in Table 4 below, where we explain the growth of income by 
the growth in labor, the growth in physical capital, and the average level of 
human capital. 

3. An alternative model for growth accounting 

The small role indicated for human capital in the standard growth equations 
is somewhat troubling. Human capital accumulation is commonly cited as 

“Using investment as a share of income as a proxy for the capital stock may be justified under 

a steady state assumption, as in Mankiw. Romer, and Weil(1992). Such a proxy has been extensively 
used in the literature (for example, Barre, 1991). Replacing our capital stock data with investment 

shares does not alter our results. The growth in human capital remains insignificant in explaining the 

growth of output. 
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a prerequisite for development and most countries have government policies 
which encourage human capital accumulation. 

However, Nelson and Phelps (1966)12 suggested that simply including an 
index of education or human capital as an additional input would represent 
a gross misspecification of the productive process. Instead, they argued that 
education facilitates the adoption and implementation of new technologies, 
which are continuously invented at an exogenous rate. In particular, they 
suggested that the growth of technology, or the Solow residual, depends on the 
gap between its level and the level of ‘theoretical knowledge’, T(t), 

One can see through the specification in Eq. (2) that the rate at which the gap is 
closed will depend on the level of human capital, H, through the function, c(H), 
where ac/aH > 0. The theoretical level of knowledge is taken to grow exponen- 
tially, so that T(t) = T(O)e". This model implies that the Solow residual, or the 
growth of total factor productivity, is influenced by H in the short run. However, 
in the long run, the Solow residual must settle down to a rate of i. 

More recent theories have modeled the growth of A directly as a function of 
the educational level H, emphasizing the endogenous nature of growth and 
technical progress (for example, Lucas, 1988). Romer (1990b) has studied the 
role of market incentives that determine the allocation of H between the 
production of goods and inventive activities which enhance the growth of A, 
while treating the total quantity of H as exogenous. For simplicity, we will 
abstract from these important issues relating to the allocation and production of 
H. We assume that H is exogenously given and that a higher level of H causes 
a higher level of growth in A. 

For the purpose of our cross-country comparisons, however, we cannot 
ignore the diffusion of technology between countries. We adapt the Nelson and 
Phelps (1966) framework to allow for the ‘catch-up’ of technology, not to an 
exogenously growing theoretical level of knowledge, but to the technology of the 
leading country. More precisely, for a country i we specify the growth rate of 
total factor productivity as follows: 

A(t) 
p=g(H,)+ C(Hi) 
A,(t) 

i = 1, . . . ,n, (3) 

‘*More recently, Romer (1990b) has also argued that the level of human capital may have an 

influence on growth of A, both directly and through its effect on the speed of the ‘catching-up’ 
process. 
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where the endogenous growth rate g(Hi) and the catch-up coefficient 
are nondecreasing functions of Hi. Therefore, the level of education not 
only enhances the ability of a country to develop its own technological innova- 
tions, but also its ability to adapt and implement technologies developed 
elsewhere. 

Eq. (3) then represents a system of differential equations which are easily 
analyzed. First we note that a lead country with the highest initial A, say AL(O), 
will be over taken by some other country that has a higher level of education. 
This follows because the lead country grows at the rate g(HL), or: 

A(t) = AL(O)eg’H”“, 

while the growth rate of a country with a higher H, say Hi, is larger than g(Hi) 
since it is also affected by the catch-up factor. Thus 

Ai > Ai(0)eg’H’)f, 

and since g(Hi) > g(HL), there exists some 7 such that, for t > 7, di(t) > AL(t). 

Once country i is in the lead however, it can also be overtaken by another 
country with a lower initial level of technology Aj(0) [Aj(O) < A,(O)], but which 
has a higher level of education, such that g(Hj) < g(HL). 

Note that the technology level AL of a leader country L cannot be overtaken 
by another country with a lower level of education. If the follower country, say 
F, ever caught up, we would have A, = AF and the catch-up component of the 
growth in A’s would be equalized, leaving the country with the higher education 
level to surge ahead. l3 

The observations above imply that irrespective of the distribution of initial 
levels of technology, given by the vector A(O), at some time {the country with the 
highest level of education must overtake the technology level of all other 
countries and maintain that lead into the future, unless of course it loses its 
educational advantage. The dynamics of technology can then easily be charac- 
terized beyond f, and without loss of generality we take t* = 0. The technology 
level of the leading country, say m, grows at the rate g(H,), so that 

A,,,(t) = A,(0)eg’Hm)r. 

In general, the growth rates of Ai, for every i, are given by 

Ai(t) 

m = g(Hi) + c(Hi) 
A,(0)eg(H”)l - Ai 

I 1 Ai ’ (4) 

‘-‘For the leading country with the highest A, say A,, this would be true even if the functions c(H) 

differed across countries since maxJ A, - A, = 0. 
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which can be simplified to 

jitt) 
m = CSCHi) - c(Hi)] + C(Hi) $$f 

L L 1 (5) 

This equation has a simple solution: 

A,(t) = [A,(()) _ QA 
m 

(O)eC~fH,)--(H,)lt + Sz A,(0)es’H-“], (6) 

where 

Q= 
c(Hi) 

c(Ht) - g(Hi) + g(Hm) . 

In the case studied by Nelson and Phelps (1966) g(Hi) = 0 and Hi affects the 
growth of Ai only in transition: The asymptotic growth rate is given by the 
exogenous growth rate of technology. In the case above, the effects of g(Hi) on 
the growth of Ai persist longer if g(Hi) > C(Hi) and the convergence to a com- 
mon growth rate will be slower than in the model of Nelson and Phelps (1966). 
Nevertheless, in the long run, the leader must still set the pace as the growth 
induced by g(H,,,) eventually overwhelms the other growth component g(Hi) in 
each country. This can immediately be seen from the asymptotic ratio 

Ai (t)lAm (t): 

Ai 
!!!A,0 = 

l im Ai (0) - fi Am (0) 
Am(O) 1 

eCdW - clY) - ~(Wlf + Q, 

t-)02 

which simplifies to 

(8) 

(9) 

since [g(Hi) - c(Hi) - g(H,,,)] < 0. It follows that Ai and A,,, asymptotically grow 
at the same rate g(H,). In the long run, the country with the highest level of 
H acts as the ‘locomotive’ of growth by expanding the set of attainable know- 
ledge, pulling all others along through the catch-up effect, and all countries grow 
at the same rate. 

Nonetheless, a few simple simulations show that the transition period may be 
extremely long. Note also that a country with a very low level of A can have 
a much higher growth rate than the leader because of the catch-up effect, while 
others that are closer to the leader, both in their technology level and their 
educational attainment, may in fact have lower growth rates than the leader 
because the catch-up effect may be insignificant relative to the educational gap. 
It follows that it may be difficult to observe the positive effect of education on 
the growth of total factor productivity. Therefore, to the extent that low 
educational attainment leads to or is associated with low levels of technology 
and income, it may be necessary to control for the catch-up effect by including 
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the income (or technology) levels in our regressions. The empirical results below 
tend to confirm these observations. 

Finally, the analysis above has ignored the possible positive feedback effects 
from technology or income growth to the level of education. If educational levels 
tend to increase with incomes, growth rates may also diverge.14 

4. Growth accounting with human capital stocks entering into productivity 

The alternative model presented above provides two mechanisms by which 
levels of human capital stocks can influence per capita income growth along the 
transition path. First, the endogenous growth component, y(Hi), has an influ- 
ence on relative growth rates of technology directly. Second, the catch-up 
component, which is specified as dependent upon the stock of human capital 
possessed by a country in the spirit of Nelson and Phelps, also allows levels of 
human capital to enter into per capita income growth. 

It follows that the current model allows for human capital effects to enter in 
levels, at least in transition before the growth rates of Ai catch up to that of the 
leader nation. To incorporate this possibility, we adopt a new specification to 
replace (1):’ 5 

(log YT - log Y,) = (log Ar - log A,) + a(log KT - log K,) 

+ B(log LT - log L,) + ;(IT+ogH,) 

+ (log&r - log&o). (1’) 

Eq. (1’) differs from (1) in that the term with the log difference in human capital 
has been replaced with the average level of the log of human capital over 
the period. However, because we do not have yearly data on H,, we use 
l/2 (log HT + log H,) in the subsequent regressions as a proxy for the log of the 
average level of human capital. We also ran the average levels of human capital 
and the log of the average levels. These yielded similar results to those reported 
below. 

Table 4 reports the results of ordinary least squares estimation using White’s 
heteroskedasticity correction method. Model 1 simply substitutes the log of 

‘*Unless, of course, diminishing returns to education sets in. That is, if the functions y and c in (4) 
asymptotically become flat. 

15This specification is consistent with a competitive model of technology diffusion in which the rate 

of human capital accumulation is endogenously determined. See Benhabib and Rustichini (1993). 
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Table 4 

Cross-country growth accounting results: Human capital in log levels” dependent variable: DGDP 

1965-1985 

Consr. 

DK 

DL 

LOGH 

LOGY, 

OIL 

AFRICA 

LAAMER 

MID 

PIQ 

Obs. 

F-stat. 

Model I Model 2 

0.416b 2.093” 

(0.103) (0.326) 

0.495h 0.500b 

(O.lOQ) (0.075) 

0.132 0.253 

(0.218) (0.166) 

- 0.079 0.128’ 

(0.060) (0.055) 

- 0.233” 

(0.043) 

78 78 78 78 

27.551 41.225 32.583 29.198 

Model 3 

2.065h 

(0.345) 

0.505b 

(0.079) 

0.260 

(0.169) 

0.121‘ 

(0.059) 

- 0.230b 

(0.045) 

~ 0.032 

(0.127) 

Model 4 

2.044h 

(0.392) 

0.479h 

(0.094) 

0.39 I c 

(0.191) 

0.167’ 

(0.054) 

~ 0.235b 

(0.046) 

0.007 
(0.133) 

- 0.135’ 

(0.065) 

Model 5 Model 6 

l.176b 

(0.391) 

0.594b 

(0.077) 

0.385’ 

(0.174) 

0.045 

(0.101) 

- 0.161 

(0.067) 

l.730b 

(0.308) 

0.440b 

(0.063) 

0.303 

(0.150) 

0.089 

(0.058, 

- 0.179b 

(0.036) 

0.746 

(0.747) 

- 0.045 
(0.053) 

40 67 

27.832 23.830 

“dX refers to the log difference in variable X. Standard errors are in parentheses. 

“I % confidence level. 

‘5% confidence level. 

average human capital levels for log differences of human capital. 
Physical capital accumulation and labor force growth enter with their predicted 
signs, but labor force growth fails to enter significantly. However, the perfor- 
mance of human,capital appears disappointing. Both in levels and in growth 
rates, human capital fails to enter significantly, and the point estimates are of 
incorrect sign. 

Nevertheless, as pointed out above, the human capital rich country need not 
always be the high growth country because of the catch-up factor. Therefore, 
Model 1 is likely to be misspecified. To account for differences in initial 
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technology levels across countries, we introduce initial income levels in Model 2, 
which will capture the role of the catch-up effect.16 

As soon as initial income levels are introduced, human capital enters signifi- 
cantly in levels with the predicted positive sign. This result suggests that 
catch-up remains a significant element in growth, and that countries with higher 
education tend to close the technology gap faster than others. It is not parti- 
cularly surprising that this transition effect appears in twenty years of growth 
experiences. The transition towards a common growth rate set by the leading 
country may be quite long, and stochastic technological innovations by the 
leader can set countries on new transition paths. The results suggest that the role 
of human capital is indeed one of facilitating adoption of technology from 
abroad and creation of appropriate domestic technologies rather than entering 
on its own as a factor of production.” 

In addition, we used likelihood ratio tests to examine whether human capital 
in levels should be added to a regression which included growth rate of 
population and physical and human capital as well as initial per capita income. 
The likelihood tests indicated that human capital in levels should be included in 
the specification with a 1% level of confidence. 

Initial income enters significantly and negatively in all the specifications. This 
may imply some support for the convergence hypothesis. However, given the 
model above, a negative coefficient estimate on initial income levels may not be 
a sign of convergence due to diminishing returns, but of catch-up from adoption 
of technology from abroad. These two forces may be observationally equivalent 
in simple cross-country growth accounting exercises. 

The ancillary variables are introduced in Models 3 through 6. The positive 
and significant coefficient estimate on levels of human capital is robust to the 
introduction of these variables, with the exception of the income distribution 
variable MID. However, the sample size is severely curtailed by the introduction 
of this variable. 

With the exception of the Latin American dummy, note that none of the 
ancillary variables are statistically significant at the 5% confidence level. As 
above, once one accounts for differences in rates of factor accumulation, the 

‘%ictly speaking, the previous section suggests that the catch-up term should be log( Y,,,,, - Y,), 
where Y,,. is the initial income per worker for the leading country. Since Y,,, is constant across 

countries, it enters into the constant term which can no longer be viewed, unlike Model 1, as 
accounting for exogenous growth. If the catch-up is operative at higher frequencies, such as 

annually, then the modified specification requires us to include not initial income, but an average of 
incomes over the years as well as adjusting the constant term for changes in Y,,,,,. 

“One caveat is again the possibility of a bias in these coefficient estimates as discussed in Section 

J and in the Appendix. However, the coefficient estimates on physical capital are close to its expected 
factor share and do not indicate a significant upward bias. 
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residual role for characteristics such as political stability and skewness of income 
distribution appears to be limited. 

5. A more structural specification 

While the specification in Eq. (1’) was consistent with the spirit of the 
alternative theoretical model above, a more structural model is required to 
generate a specification which follows directly from the theory. In this section we 
develop and test such a specification. 

Assuming a Cobb-Douglas technology, K = A,(H,)KP@, and taking log 
differences, the relationship for long-term growth from time 0 to time T can be 

specified as 

(log YT - log Y,) = [log A,(H,) - log A,(K)] + cr(log KT - log&) 

+ P(log LT - log L,) + (loge, - loge,). (10) 

Following the discussion above, we specify the first term in Eq. (lo), the 
growth of total factor productivity, to depend on two factors. The first is the 
level of human capital, reflecting the effect of domestic endogenous innovation. 
The second is an interactive term that involves the level of human capital and 
the technological lag of a country behind the leader, to capture the ‘catch-up’ 
effects. Consider the following structural specification for a representative 
country i: 

C1ogA,(Ht)- l”gAO(Ht)li = c + SHi + mHiC(Ymax - X)/K19 (11) 

where c represents exogenous technological progress, gHi represents endo- 
genous technological progress associated with the ability of a country to 
innovate domestically, and mHi[ ( Y,,, - yi)/Y,] represents the diffusion of 

technology from abroad. While the ‘domestic innovation’ term indicates that 
human capital stocks independently enhance technological progress, the ‘catch- 
up’ term suggests that holding human capital levels constant, countries with 
lower initial productivity levels will experience faster rates of growth of total 
factor productivity. Simplifying, Eq. (11) can then be written 

C1ogA,(Ht) - l”gAO(Ht)li = c + (9 - NHi + mHi(YmaxIYi). 

Inserting (12) into (10) then yields 

(12) 

(log YT - log Yl)) = C + (9 - m)Hi + mHi( Ym,,/yi) + cC(lOg K, - log K,) 

+ /I(log &- - log L,,) + (log ET - loge,,). (13) 

Estimation of Eq. (13) using ordinary least squares with White’s hetero- 
skedasticity correction is reported in Table 5. Model 1 shows the results for 
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Table 5 

‘Structural specification’ cross-country growth regressions” dependent variable: D Y 1965-1985 

COflSi. 

H 

H( YmaxiV 

dK 

dL 

Yln,x; Y 

Obs. 

F-stat. 

Model I 

0.1621 
(0.1142) 

~ 0.0136 
(0.0144) 

0.0011' 
(0.0002) 

0.4723’ 

(0.0717) 

0.1880 
(0.1640) 

78 

45.245 

Model 2b 

- 0.2268 
(0.2822) 

0.0439e 
(0.0224) 

0.0003 
(0.0009) 

0.5076’ 

(0.0944) 

0. I720 
(0.2325) 

26 

9.778 

Model 3’ 

0.0528 
(0.2246) 

- 0.0003 
(0.0366) 

- 0.000 1 
(0.0009) 

0.5517’ 

(0.1226) 

0.5389 
(0.3884) 

26 

11.136 

Model 4d 

0.2324 
(0.2483) 

~ 0.0736 

(0.0586) 

0.00 12’ 

(0.0003) 

0.5233’ 

(0.1431) 

0.2901 

(0.5069) 

26 

18.47 1 

Model 5 

0.0538 

(0.1345) 

0.002 1 
(0.0154) 

0.0007’ 

(0.0003) 

0.5005’ 

(0.077 1) 

0.2045 

(0.1558) 

0.00 14 

(0.0010) 

78 

37.667 

“Ordinary least squares. White’s heteroskedasticity correction used. Standard errors are in paren- 
theses. 

“Wealthiest third of sample; per capita GDP in 1965 greater than $2520. 

‘Middle third of sample; per capita GDP in 1965 less than $2520 and greater than $1250. 

‘Poorest third of sample; per capita GDP less than $1250. 

‘I % confidence level. 

‘5% confidence level. 

plO% confidence level. 

the full 7%country sample for which data is available. The ‘catch-up’ term 
[H( Y,,,,,/Y)] enters positively and significantly for the large sample. However, 
the coefficient estimate for (g - m) on H is negative and insignificant. Moreover, 
the point estimate of (,q - m) is sufficiently large in absolute value that the point 
estimate for g, that is the coefficient on country-specific technological progress, 
is negative. l8 

The results of Model 1 appear to favor catch-up over endogenous coun- 
try-specific technological progress as the channel through which accumulation 
of human capital affects productivity growth. However, this may change with 
the relative position of the country. In particular, technology adoption from 

18Using bootstrap procedures, we estimated the standard errors of the estimates ofg for the reported 
models. All of the estimates fail to be significant at a 5% confidence level, although that of Model 

4 was significant at a 10% level as reported below. 
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abroad may be more effective for countries at low levels of development rather 
than development of domestic technology, while the opposite may be true for 
technologically-advanced countries. To examine this conjecture, we separate the 
model into three equivalent samples on the basis of initial per capita income.” 

The results of Model 2, with the sample containing the poorest third of 
countries, are similar to those found for the full sample. While the catch-up term 
is positive and significant, the point estimate for the domestic innovation term is 
negative. 

Model 3 shows the results of the specification for the middle group. For this 
sample, the catch-up and the domestic innovation terms are very insignificant, 
indicating that the level of human capital fails to play an important role through 
either channel. 

We obtain the most striking results from the richest third of the sample, as 
reported in Model 4. For the richest third of the nations, the catch-up term 
becomes relatively unimportant, entering insignificantly and with a coefficient 
estimate which is positive, but very close to zero. 

However, the term (y - m) now enters positively and significantly with a 6% 
level of confidence. Considering the relatively small size of the sample, this 
represents a dramatic break with the other nations in the study. Using bootstrap 
procedures to obtain the standard error of g, we find that g is positive at a 10% 
confidence level. 

Finally, we introduce initial income in Model 5 to demonstrate that the 
results for our interactive parameter are not simply being driven by a neo- 
classical convergence effect. It can be seen that our ‘catch-up’ term is robust to 
the inclusion of this variable, maintaining its proper sign and significance. 

6. Determinants of physical capital accumulation 

Finally, we examine an alternative channel for human capital to contribute to 
growth: Human capital may encourage accumulation of other factors necessary 
for growth, particularly physical capital. Lucas (1990) has suggested that one 
reason that physical capital does not flow to poor countries may be that these 
countries are poorly endowed with factors complementary to physical capital, 
so that the marginal product of physical capital in developing countries may not 
actually be that high, despite its apparent scarcity relative to the developed 
countries.” 

‘“Dividing the sample in two yielded similar results 

“However, income-to-capital ratios m the current data set are negatively related to income levels at 
a 5% confidence level. Therefore, assuming a Cobb-Douglas or C.E.S. specification, poorer coun- 

tries should have higher returns to physical capital inputs. 
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Similarly, a variety of studies (for example, Alesina et al., 1992; Persson and 
Tabellini, 1991) have shown that political instability or a skewed income 
distribution is negatively correlated with economic growth. This raises the 
possibility that, while political instability or a skewed income distribution does 
not directly affect growth, it may have a negative effect on factor accumulation. 
Kormendi and Meguire (1985) have argued that political instability will be 
negatively correlated with physical capital accumulation because of lack of faith 
in the assignment of property rights. They demonstrate a negative correlation 
between proxies for political instability and gross investment as a share of income. 

If we assume that adjustment of physical capital stocks is costly in the short run, 
one would expect to find some cross-country differences in marginal products of 
capital which were not immediately removed through capital flows. However, one 
would also expect that rates of capital accumulation, or dK/K, would tend 
towards equating these differences in marginal product, holding all else equal. 
Under a standard adjustment process, it follows that dK/K should be positively 
correlated with the current marginal product of capital, which in turn depends on 
the current stocks of labor and physical and human capital. Similarly, it follows 
that ancillary determinants of the expected return on investment, such as political 
instability, may also enter into investment as a share of the capital stock. 

We examine the determinants of physical capital accumulation in 1965 in 
Table 6. We regress the ratio of gross investment to capital stock on factor 
stocks: Human capital, physical capital, and the labor force, as well as ancillary 
variables including dummies for oil-exporting, African, and Latin American 
countries, as well as the size of the middle class, which was shown to have an 
impact on growth in Persson and Tabellini (1991). In addition, we introduce 
Gupta’s measure of political instability. Physical capital consistently enters with 
the predicted negative sign at a 5% level of significance, with the exception of 
Model 4 which has the curtailed income distribution sample. Similarly, the 
labor force enters positively, although not always significantly, as would be 
predicted. 

Most importantly, human capital stocks are positively correlated with phys- 
ical capital accumulation and are significant at a 5% level for all specifications. 
This implies that the role for human capital as an agent in attracting physical 
capital is vindicated. 

The ancillary variables, once we have accounted for factor endowments, 
perform very poorly. Note that both political instability and income distribution 
enter insignificantly and with the incorrect sign. The oil-exporting dummy is 
highly insignificant for this period, and the regional dummies are insignificant as 
well, although they enter with their expected negative signs2’ 

*’ Similar cross-country results were obtained for 1970 and 1975 and are reported in Benhabib and 

Spiegel (1992). In addition, we also found similar results for 1985. Notably, the 1985 regressions 
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The data lends support to the conjecture that human capital may be an 
important feature in attracting physical capital. Since we know from the growth 
equations that physical capital accumulation rates play a very important role in 
determining the rates of per capita income growth, the importance of this role is 
apparent. 

The performance of the ancillary variables is somewhat surprising. As was the 
case above, we found that once one accounted for stocks of factor endowments, 
there was little role left to play for both income distribution and political 
instability. However, we should be careful to note that human capital levels are 
highly correlated with these ancillary variables. This implies the possibility that 
multicollinearity may be precluding these ancillary variables from entering into 
the determination of cross country investment shares. When human capital is 
omitted from the regression, income distribution and political instability enter 
with their respective predicted signs and are usually statistically significant, 
however exchange rate overvaluation is still statistically insignificant. 

7. Conclusion 

Human capital accumulation has long been considered an important factor in 
economic development. The results obtained in our initial set of regressions are 
therefore somewhat disappointing: When one runs the specification implied by 
a standard Cobb-Douglas production function which includes human capital as 
a factor, human capital accumulation fails to enter significantly in the deter- 
mination of economic growth, and even enters with a negative point estimate. 

When we introduce a model in which human capital influences the growth of 
total factor productivity we obtain more positive results. In this model, human 
capital affects growth through two mechanisms. First, human capital levels 
directly influence the rate of domestically produced technological innovation, as 
in Romer (1990a). Second, the human capital stock affects the speed of adoption 
of technology from abroad, in the spirit of Nelson and Phelps (1966). The 
significance of this alternative model in terms of its empirical implications is that 
human capital stocks in levels, rather than their growth rates, now play a role in 
the determining the growth of per capita income. 

Treating human capital as a factor of production implies that in the growth 
accounting regressions human capital should enter in growth rates. However, 
our empirical findings fail to deliver this result. We introduce two alternative 

included a proxy for openness obtained from Dollar (1992). As was the case for the political 
instability variable, the openness variable entered into the determination of physical investment only 
in the absence of accounting for human capital accumulation. These results are available upon 

request. 
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avenues through which human capital can play a role in economic growth: Both 
as an engine for attracting physical capital and as a determinant of the magni- 
tude of a country’s Solow residual. These theories are vindicated to some degree 
by the empirical evidence from aggregate cross-country data. 

Appendix 

A.1. Estimation qf aggregate phlssical capital stocks 

Investment flow data is now available for a large number of countries from 
the SummerssHeston (1991) data set. However, calculation of capital stocks 
using this data set requires some mechanism by which initial capital stocks 
can be estimated. The capital stock estimates used in the regressions reported 
above were obtained from utilizing the limited 29-country sample of the 
SummerssHeston (1991) data set for which capital stock data was available. In 
a standard three-factor neoclassical aggregate production function with con- 
stant returns, Y = K”LP HY, the relationship between these variable in logs 
satisfies 

log Y = A + xlog K + filog L + ylog H + E. (A.11 

For the limited sample of countries for which capital stock data was available 
for 1980 and 1985, our coefficient estimates for this relationship using the 
Kyriacou measure for H were 

log Y = 3.391 + 0.6141og K + 0.3491og L + 0.1891og H + E, 64.2) 
(0.235) (0.056) (0.052) (0.198) 

where standard errors are given in parentheses. The R-squared for the regression 
is 0.974, which is relatively large considering that we do not adjust for differences 
in natural resource endowments. The regression had 58 observations. 
We then used these coefficients to estimate initial capital stocks, KO, for 
the remaining countries in the SummerssHeston data set. Capital stock 
estimates for subsequent years are then directly attainable according to the 
equation 

K, = K,(l - S)’ + C li(l - S)‘mi, 
i=l 

(A.3) 

where 6 represents the rate of depreciation. The regressions reported above 
were run under the assumption of 7% depreciation, although we also 
generated capital stocks assuming 4% and 10% depreciation and got very 
similar results. 
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We also use alternative methodologies to estimate the initial capital stock. 
First, we use an iterative procedure, based upon the assumption that the 
relationship above would be constant across both countries and time. We 
started with an initial estimate of log K0 - log Y, which satisfies K,/Y, = 3 for 
the United States. This starting value is consistent with many estimates for this 
country. Then, using discounted investment flows, we find the implied series of 
capital stocks and calculate G, /?, and Ij in Eq. (A.l). These estimated coefficients 
are used to update our K0 estimates and recalculate the capital stock series. The 
process is repeated until convergence is achieved, i.e., until the likelihood 
function associated with a given set of coefficient estimates is maximized. 
Finally, we also simply use the output-capital ratio of three, found for the 
United States, to estimate the initial capital stock. 

The log differences in capital stocks estimated by these processes were all very 
highly correlated. For example, the correlation between log differences in the 
capital stock used in the reported regression and that estimated by the iterative 
method was 98.7%. Consequently, our results do not depend upon our choice of 
capital stock estimation method. 

A.2. Estimation of human capital stocks 

Human capital stock data was obtained from Kyriacou (1991). Kyriacou 
estimates human capital levels from the Psacharopoulos and Arriagada (PA) 
(1986) data set. PA have measures of years of schooling in the labor force for 99 
countries. However, these measures are from a wide variety of years, from the 
1960’s through the 1980’s. From this large set, Kyriacou identifies 42 countries 
for which average years of schooling in the labor force is available for the 
mid-1970’s: 19741977. He estimates the following relationship between average 
years of schooling in the labor force and past enrollment ratios: 

H75 = 0.0520 + 4.4390 PRIM60 + 2.6645 SEC70 

+ 8.0918 HIGH70, (A.4) 

where H75 represents average years of schooling in the labor force, PRIM60 

represents the 1960 primary schooling enrollment ratio, SEC70 represents 
the 1970 secondary schooling enrollment ratio, and HIGH70 represents 
the 1970 higher education enrollment ratio. His regression has an R-squared of 
82% and primary and higher education enrollment ratios enter significantly at 
a 5% confidence level. Kyriacou then uses these estimated coefficients to 
extrapolate human capital indexes for other time periods based upon past 
enrollment ratios. 

The physical and human capital stock estimates used in this study are shown 
in Table 7. 
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A.3. Estimation qf the bias 

A well-known difficulty with estimating aggregative production functions is 
the possibility of a correlation between the error term and the regressors which 
would yield biased coefficient estimates. For example, a stochastic shock to the 
production function would typically be expected to result in the faster growth of 
accumulated inputs in that period. If shocks are also persistent, this will induce 
a positive correlation between future shocks and future levels of physical and 
human capital. Looking at average growth rates over long periods does not 
eliminate these positive correlations (Benhabib and Jovanovic, 1990). Here, we 
attempt to identify the sign of the biases on the estimated coefficients. If we can 
show that the biases on the estimated coefficients are likely to be positive, our 
estimates will represent upper bounds. 

For example, given the specification in (1) and that H and K are correlated 
with the error term, while L follows an independent process, the expected bias 
on OLS estimates of the constant term, r, fl, and y, equal 

9 (A.3 

where b^j is the expected bias on the estimate of coefficient j, n is the number of 
observations in the sample, the aij are the raw moments defined above, and bars 
represent mean growth rates, for example: l? = xi f Tt-’ (Ki,t+T,* - K,,,). As the 
sample size n gets large, it is easy to show by partitioning the inverse matrix that 
the biases will tend towards 

The determinant of the matrix, D, will be positive since the matrix is positive 
semi-definite. Inverting the matrix, the bias on the physical and human capital 
coefficients are expected to equal 

hl, = D-’ [(a a hh II - ahzl)kk~) +  (aklahl - %ald(adl~ 

bh = D-l C(akka,, - &)(a,,,) + (aklahl- a~t,ad(adl, 

(A.7a) 

(A.7b) 

b, = D-’ C(aKHaKL - ak,,)(4 + (aKHaKL - aK+,,d(a~,E)l, (A.7c) 
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where gj (j = K, H, L) represents the estimated bias, D represents the determi- 
nant of the covariance matrix, which can be signed as positive because the 
matrix is positive definite, and the aji’s represent the raw moments.22 

Given that aje > 0 (j = K, H), we can sign the first terms of both expressions 
as positive since the covariance matrix is positive semi-definite. However, both 
expressions contain the second term which has sign equal to that of the 
expression 

aKLaHL- aKHaLL. (A.8) 

Since aKH may well be nonegative, and aJL (J = H, K) may also be positive 
because H and K are accumulated factors while L is assumed to follow an 
independent stochastic process, the sign of (A.8) is indeterminate, and the sign of 
the expected bias cannot be obtained analytically. We therefore turn to econo- 
metric evidence. 

Using our sample data for 1965 through 1985 growth, we estimated the 
coefficients in Eq. (A.7). The standard errors of these estimates were then 
obtained by using a bootstrap (Efron, 1982) procedure, by creating 1000 samples 
from the original sample and computing the covariances of the coefficients in 
these created samples as population estimates of the population covariances. 
Our estimates of Eq. (A.7) were 

6, = D 1 [O.OOS (ukE) + O.O02(a,,)], 
(0.002) (0.001) 

b, = D - 1 [0.012(ah,) + O.O02(a,,)], 
(0.003) (0.001) 

b, = D ’ [ - 0.008 (ak,) + O.OlO(a,,,)]. 
(0.004) (0.005) 

(A.9a) 

(A.9b) 

(A.9c) 

While the unobservability of uke and ahe preclude a definitive statistical con- 
clusion, our results are strongly supportive of our conjecture that the estimation 
process would yield an upward bias on the physical and human capital coefh- 
cients and a downward bias on the labor coefficient. The first term in each 
expression of the predicted sign and statistically significant. While the second 
terms just miss being statisticallly significant at a 5% level, they are always close 
to significance and, more importantly, are of the proper sign. 
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