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Abstract 

Most endogenous growth models, particularly the A K  model and the Lucas (1 988) 

model, irnply that the investrnent rate exerts a positive effect on the growth rate in the 

long-m. This hypothesis is tested in this study, using tirne-series and panel data for the 

Organization for Economic Cooperation and Development (OECD) couniries. 

The thesis is divided into two parts. First, Jones' (1 995) tirne-series tests of the 

one-sector AK mode1 are re-exarnined, using irnproved data sets and a new empirical 

procedure. The two data sets used in this study are the annual tirne-series data on the 

investment and growth rates for 24 OECD countries during 195û-1990, and for six major 

OECD countries d u ~ g  187û-1987. The empirical procedure accounts for the correlation 

between independent variables and disturbance terms arising f?om qclicai shocks and 

transitional dynamics in economies. This procedure yields consistent estimates of long-run 

multipliers from the investment rate to the growth rate. This re-examination casts doubt 

on Jones' finding that the investment rate has no positive growth effect in the long run. 

Considerable evidence is found for a positive long-nin effect of the investment rate on the 

rate of growth. 

The tests are then extended to the two-sector endogenous growth model of Lucas 

(1988). The steady-state solution of the model implies a long-run Iinkage between the 

growth and investment rates, similar to that implied by the one-sector AK model. The 

transitional dynamics of the model suggest that the growth rate also depends on the ratio 



of physical to human capital. Three variants of the Lucas two-sector mode1 are examineci 

and tested using pooled the-series data on 22 OECD countrïes during 1965-1 987. The 

investment rate continues to have a positive long-run e f f i  on the rate of growth. Also, 

the ratio of physical to human capitai significantly raises the model's predictive power and 

is therefore indispensable to growth regression. These results are robua to alternative 

meanires of human capital and to adjustrnents in the ratio of capitals for the extemalities 

of human capital. 
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INTRODUCTION 

The linkage between investment and growth has been at the core of economic 

growth theory at least since Harrod (1939) and Domar (1 946). Solow (1 9%) fonalized 

the idea that capital deepening cm increase labour productivity in a dynamic process of 

investment and growth. In a whole class of neoclassicai growîh models inspired by Solow 

(1956) - including those of Cass (1965) and Koopmans (1965) - the steady-state rate 

of growth of per capita income depends only on the rate of technological progress, which 

in tum depends on forces exogenous to the growth models. Therefore, neoclassical 

growth models predict that the rate of investment, dong with a number of other variables 

potentiaily affected by government policies, has no effect on the rate of growth in the 

steady state of an economy, although it can affect the steady-state level of per capita 

income; Le., neoclassical growth models imply that these variables have a Ievel effect but 

no growth effed.' 

Solow (1956) considered a case in which the population growth rate depended 
endogenously on the level of per capita income. In that case, a change in the investment 
rate may affect the rate of long-nin growth. But most neoclassical growth models &er 
Solow (1956) treated the population growth rate as an exogenous parameter. 



Endogenous growth models, such as those in the recent pioneerùig work of Romer 

(1986) and Lucas (1988), dEer fiom neoclassicai growth models in that the long-run rate 

of growth is determined by forces within the models, not by those operating from outside. 

Nearly a decade of active research on the detemiliants of long-run growth has generated a 

rich variety of endogenous growth rnode~s.~ Most of these models imply that the rate of 

investment in physical capital, hurnan capital or knowledge has a positive eEect on the 

long-run growth. The essence of endogenous growth can be seen most easily by looking 

at the simple one-sector model with constant r e m  to broadly defined capital. Growth 

model of this type, often referrd to as the AK model, include those of Romer (1 986, 

1987), Barro (1990) and Rebelo (1991). In contrast to neoclassical growth models, an 

AK mode1 implies that the rate of investment in broadly defmed capital - including not 

only physical but also human and laiowledge capital - has a growth effect, Le., a higher 

rate of investment lads to a higher rate of growth in the steady state. Because the AK 

model ciiffers from neoclassical growth models in implying that the investment rate has a 

positive effect on the growth rate, a test of this model can take the form of a test of the 

long-run growth effect of the investment rate. A positive long-run effect of the investment 

rate on the growth rate would support the AK model; an absence of this effect would 

favour neoclassical growth models. 

Three approaches have been taken in empirical tests of endogenous growth 

' For a few examples of the extensive Literature on endogenous growth models, see 
Romer (1 WO), Grossman and Helpman (1 99 1 ), Rebelo (1 99 1 ), Rivera-Batiz and Romer 
(1 99 1) and Aghion and Howitt (1992). Grossrnan and Helpman (1 994), Barro and Sala-i- 
Martin (1 995), Romer (1 W6), McCallum (1 W6), Jones and Manuelli (1 997) and Temple 
(1 998) provide good surveys of endogenous growth literahue. 



models: cross-country (or cross-sectional) regression, tirne-series analysis and case 

studies. The cross-country regression is by far the most popular approach. A number of 

cross-country regressions have shown a positive correlation between the investment rate 

(measured as the share of physical-capital investment in gross domestic product [GDP] 

and serving as a proxy for the rate of swing) and the rate of growth of per capita GDP 

(see, for example, Romer 1987; Brno 1991; Levine and Renelt 1992; Dinopoulos and 

Thompson 1997a). The specifications of these tests and the details of the results Vary 

considerably fkom one study to another, but the essence of the cross-sectional evidence 

can be illustrated by a simple correlation between growth and investment rates. Figure 1.1 

plots the average growth rate of per capita GDP versus the average investment rate during 

1960-1987 for 85 countries. The figure clearly shows a positive relationship between the 

investment rate and the rate of growth. 

However, it has to be noted that the cross-country-regression approach to the test 

of endogenous growth models has its limitations. The approach is based on data averaged 

over a long period. The test therefore fails to capture the transitional-dynamic behaviour 

of the variables. If the economies in the sample are in transition, rather than a steady state, 

the estimates from a cross-country regression would be biased.) This is because in many 

endogenous growth models, as in neoclassical models, deviations of growth rates from 

their steady states arise directly from changes in regressors; hence, the deviations are not 

In their recent cross-country test of the research and development (RM3)-based 
long-run growth model of Romer (1990), Dinopoulos and Thompson (1997a) suggested 
that this potential bias could be one of the reasons why the Romer model failed to account 
for the wide variation in growth rates in their sample. 



Figure 1.1 The correlation between growth and invesiment rates: 
a simple cross-comtty regression 

Average rate of investment (%) 
Source: Nehru et ai. (1995) 

random or independent of the regressors. For this reason, cross-country regressions do 

not settle the issue of whether the investment rate is a determinant of long-run growth. 

For example, while the advocates of endogenous growth theory, such as Romer (1987) 

and Rebelo (1 99 l), hold that the positive correlation between growth and investment rates 

found in cross-country regressions is consistent with the predications of endogenous 

growth models, those who support neoclassical growth theory (notably, Mankiw 1 995) 

maintain that this correlation rnay merely reflect the transitional effect of the investment 

rate on the growth rate and thus accords with the predictions of neoclassical growth 



models. 

Because of these problems with cross-country regression,' interest is growing in 

tirne-senes and panel-data tests of growth models.' Many researchers have recognized 

that the relevance and usefulness of endogenous growth theory ultimately depends on 

whether it successnilly explains the growth patterns of national econornies. In practice, 

this means testing the implications of the theory against the econornic evolution of 

individual countries, using tirne-series data! 

In an interesting recent the-series test of endogenous growth models, Jones 

(1 995) found that many AK-style (as weU MD-based) models of endogenous growth are 

rejected by the time-series evidence from selected OECD countries. The key results nom 

his test of the RK mode1 are as folIows: (1) During 1950-1988, investment rates for many 

of the advanced OECD countnes exhibited an upward trend, but the gowth rates showed 

little or no persistent increase; indeed, the growth rates went d o m  in many of these 

countries. (2) Individual-country tirne-series regressions showed that the investment rate 

had no positive long-run effect on the growth rate. (3) The transitional effect of the 

investment rate on the growth rate was short lived; the effect became negligible d e r  

' See Mankiw (1995) and Temple (1998) for other problems and diBEiculties with 
cross-countq stuclies, i. e., problems of parameter heterogeneity, simultaneity, 
multicoIluiearity, outliers and degrees of fieedom. 

Among the relatively smail but growing number of empirical works on the-series 
tests of various growth models are those of Coe and Helpman (1995), Jones (1 995) and 
Brecher et al. ( 1996). 

Pack (1994) made this point in his review of recent empirical tests of endogenous 
growth models. 



about six years. On the basis of these results, Jones (1995, p. 5 10) concluded that "the 

predictions of AK models are not only technicaiiy incorrect but they are also misleading." 

This study foliows the tradition of Jones (1995) by undertaking M e r  tirne-senes 

tests of the AK model. I re-examine Jones' tests using irnproved data sets and a more 

appropnate empincal procedure. The data used in this study M e r  in two ways from 

those used in Jones'. First, 1 use the recently updated Summers and Heston's (1991) Penn 

World Table (Mark 5.6) data set (PWT5.6, hereafter), instead of Penn World Table (Mark 

5) (PWTS, hereafter), as the main data source for OECD countries in the post-war era. 

Second, 1 use, in addition to the Maddison (1 982, 1989) data on long-run growth rates 

used by Jones, the Maddison (199 la) data on long-run investment rates for six major 

developed countries. The empiricd procedure used in this study takes into account the 

correlation between investment rates and disturbance t e m  arising fiom cyclical shocks in 

an economy. W~th this empincal procedure, consistent estimators are generated for the 

long-run effect of investment rates on growth rates. This finding raises doubts about some 

of Jones' (1995) results by showing that the the-series evidence from OECD countnes, in 

fact, accords with the implications of the AK model. 

Although the the-series evidence is broadly supportive of the one-sector M 

model, some researchers remain sceptical about the model.' This is partiy due to the 

modelas simple one-sector linear production hc t i on  and its lack of transitional dynarnics. 

' For example, before Jones (1 995) conducteci his time-series tests, Young (1 992) 
criticized and rejected the AK modei, using case-study evidence fiom Hong Kong and 
Singapore. But the evidence he used to reject the AK model is debatable, according to 
some other leading econornists including Barro (1992). 



For this reason, this study derives the endogenous growth hypothesis fiorn a class of 

models that are variants of the Lucas (1988) model. These models have the basic feature 

of the AK mode1 in exhibithg constant retums to accumuiated factors, but depart fiom it 

in two cntical ways. First, they have two sectors of production: one sector produces 

human capital or knowledge, while the other produces goods and service, including 

physical capital. Second, they have well-behaved transitional dynamics. Therefore, these 

models can be thought of as two-sector extensions of the AK model.' The steady-state 

solutions of these models imply a long-run relationship between the growth and 

investment rates similar to thaî implied by the one-sector AK model; Le., the long-run 

growth rate depends positively on the investment rate. A unique implication of the 

model' s transitional dynamics is that during the transition penod, the growth rate depends 

not only on the investment rate but also on the ratio of physical to human capital. This 

study tests these two-sector endogenous-growth hypotheses, using pooled-the-senes 

data on 22 OECD countries, and the results of this shidy provide considerable support for 

these two-sector endogenous growth models. 

The rest of this study is organized as foliows. In Chapter 2, I present a brief 

review of the AK model and the existing the-series evidence for the model. This review 

emphasizes the ernpirical regularities - t h e  trends and long-run CO-movements - of the 

' While some authors - including Jones (1995) and Dinopoulos and Thompson 
(1 997a) - equate the Lucas (1 988) mode1 and its variants with the AK model, others - 
including Barro and Sala-i-Martin (1995), McCaiium (1996) and Jones and Manuelli 
(1997) - treat them as a sepante class. I cal1 the Lucas mode! and its variants the two- 
sector extensiom of the AK m&I to emphasiie these models' two-sector structure and 
their transitional dynamics. 



investrnent and growth rates in the two data sets for OECD countries. Contrary to the 

findings of previous studies, the empirical regdanties of the growth and investment rates 

emerging fkom these data sets, especidy fïom the data on the growth and investment rates 

for more than a cenhiry, are broadly consistent with the predictions of the AK model. 

In Chapter 3,1 draw on recent techniques in tirne-series analysis to develop an 

empincal procedure for f o d  tests of the AK model. To deal with the correlation 

between the error ternis of the growth regression and the regressor (Le., the investment 

rate) arising from cyclical shocks in an economy, the procedure augments the regression 

with leads and lags of the first-difference terms of the investment rate. Regressions for the 

24 OECD countries during 1 !X&l99O show considerable support for the AK model, as 

the investment rate is found to have a significantly positive long-run effect on the growth 

rate in haIf'of these 24 countries. Further and stronger evidence for the AK mode1 is 

found in regressions using an annual tirne series for six major OECD countries during 

187û-1987 and in the pooled tirne-senes regressions for 24 OECD countries during 

195û-1990. Estimates of the effects based on both Ordinary Least Square (OLS) and 

Seemingly Unrelated Regression (SUR) estimators are signifîcantly positive in al1 four 

cases examined, which range Eom the basic pooled-time-series specification to the 

variable-intercept and variable-slope-coefficient specifkations. 

Chapter 4 derives the endogenous growth hypothesis fiom the variants of Lucas 

(1988) two-sector endogenous growth models with transitional dynamics, including the 

basic Lucas model the Lucas extemality rnodei, and the generalized Lucas two-sector 

model. 1 show that the hear long-run relationship between growth and investrnent rates 



found in the one-sector AK model also hold in the basic Lucas model and in the Lucas 

extemality model. The ratio of physical to human capital has no effect on the growth rate 

in the steady state of these two variants but plays an important role in the growth 

regression because it affects the growih rate duriog the transition penod. The positive 

linkage between investment and growth rates continues to exist in the generalized Lucas 

two-sector endogenous growth model. But the generaiized model also suggests the Iong- 

nui linkage between the ratio of physical to human capital and the rate of growth may be 

negative. 

In Chapter 5,1 test the endogenous growth hypothesis derived f?om three variants 

of the Lucas (1988) model, using pooled tirnaseries data on investment and growth rates 

for 22 OECD countries. The regression results eom a variety of specifications of the 

models, using two difFerent measures of human capital, show that the investment rate has 

a significantly positive long-run effect on the long-run growth. The long-run effect of the 

ratio of physical to human capital is generally negative and significant. Although it is 

unclear whether the negative long-run effect of this ratio arises because of a long transition 

penod in the OECD econornies or the externalities of human capital, it is obvious that the 

ratio improves significantly the predictive power of the model. Therefore, the ratio of 

capitals is an indispensable component of growth regession- 

In Chapter 6,1 provide some conclusions, sumrnarize the findings, discuss the 

implications of the test results and identify avenues of fûture research. 



TIME.SERIES EVIDENCE FOR THE ONE-SECTOR AR MODEL 

The simple structure and the straightforward implication of the AK model make it 

an ideal starting point in the test of endogenous growth theory. This chapter bnefly lays 

out the AK model of endogenous growth, explains the basic test of the model, and reviews 

the existing the-senes evidence for the model, based on the long-nin trends of investment 

and growth rates. The chapter also sets the stage for the formal empirical test that I 

develop and irnplement in the following chapters. 

2.1. The AR Mode1 of Endogenous Growth 

A one-sector AK model, with two types of capitai, c m  be simply expressed as 



where p is the rate of tirne preference; @ is the inverse of the elasticity of intertemporai 

substitution between consumption at tirnes t, and 1, (- B is the elasticity of marginal utility); 

ct is the per capita consumption; kt and h, are per capita physical and human capital, 

respectively; cr is the share of physical capital; y, is per capita output, which can be used 

on a one-for-one basis for consumption, investment in physical capital, or investment in 

human capital; f and ik are the invesûnent rates in physical and human capitals (Le., the 

fractions of output y, allocated to physical- and human-capital investment, respectively); 6" 

and d are the depreciation rates of physical and human capital; n is the population growth 

rate; and B is a positive constant representing the level of technology. 

The defining feature of this mode1 is that the production function - Le., equation 

(2.2) - exhibits constant returns to the physical and human capitals. This f e a ~ e  of the 

production function plays a key role in generating the long-nui growth. It can be shown 

that ifthe ratio of physical to human capital is defined as o, Le., or = k/h,, then in 

equilibrium, this ratio is constant and equal to the relative income share of the two 

capitals, i. e., o' = a/( l  - a).' Using this resdt, equation (2 -2) can be re-written as 

See Barro and Sala-i-Martin (1995, chapter 4). 



Thus, with two types of capital, this model behaves exactly the sarne as the one in that 

output is a linear fùnction of one capital good (hence the name, 'XK model"). One can 

view K as a proxy for a composite of capital goods Uicluding physical and human 

components. 

The steady state of the AK model features constant and equal rates of growth for 

yD kt and c,l0 Using equations (2.6) and (2.4), the steady-state rate of growth can be 

expressed as 

where g' is the common growth rate of output, consumption, physicai capital and human 

capitals, and i' is the steady-state rate of physical-capital investment. 

Equation (2.7) indicates that the rate of growth is a linear fùnction of the rate of 

investment. According to equations (2.6) and (2.7), the responsiveness of the growth rate 

to a change in the investment rate depends on the average product of physicai capital, A, 

which in tum depends positively on the level of technology and negatively on the ratio of 

'O Some authors use the term bulmcedgrowth for the paths in which al1 variables 
grow at constant and equal rates. 1 use the tems s e @  slate and bulmced grmth 
interchangeably . 



physical to human capital. 

The significance of equation (2.7) is that it provides a testable hypothesis regarding 

the steady-state relation between the rates of growth and investment . This relation impiies 

that a higher steady-state rate of investment is associated with a higher steady-state rate of 

growth. If two economies differ in investment rates but have the same rates of 

depreciation and population growth, the same ratio of physical to human capital, and the 

same levels of technology, then in the steady state the one with the higher investment rate 

grows faster. In other words, a public policy that raises the rate of investrnent in the long- 

run could lead to a higher rate of growth in the long-run. 

This implication of the AK mode1 stands in marked contrast to that of neoclassical 

growth models. In the latter, the growth rate of per capita income in the steady state is 

pegged at an exogenous rate of technological progress. A higher rate of investment 

resuits in a higher rate of growth only in the transition penod but not in the long-run. This 

result is due to the active role of diminishing retunis to capital accumulation in 

neoclassical models. Capital accumulation may increase the growth rate in the transition 

period, but the diminishing returns to capital wili eventudiy bring the rate of capital 

accumulation down to the exogenously detemiined steady-state growth rate." On the 

l' Consider a farniliar neoclassicai production function: 

yt = Ak: k,O. w- 1) 

where A is the level of technology. The usual equation of capital accumulation is given by 

kt = ityr - ( O  +n) k t ,  (A2-2) 

The rate of capital accumulation is given by 
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other hand, because the mechanism of diminishùig rehims to capital has no role in the RK 

model, it poses no limit on the capital accumulation and therefore none on long-run 

growth. 

2.2. The Post-War Time-Series Evidence for the M C  Mode1 

According to the AK model, the long-run rate of growth depends on the 

investment rate. Therefore, an inspection of trends in growth and investment rates in 

developed countries can serve as a starting point in the empirical test of long-nrn growth. 

Jones (1995) applied this method very effectively in his recent time-senes test of the AK 

model. The most intuitively powerful piece of evidence he used against the AK model is 

that though the investment rates went up in many OECD countries during 1950-1988, the 

growth rates in most of these countnes actually went down, contrary to the AK model's 

prediction. This result, reproduced nom Jones' (1995; tables II and IV, on pp. 500 and 

507), is reported in columns 2 and 3 in the following Table 2.1. Column 2 shows that the 

investment rate has a significantly positive trend in five of the 15 selected OECD 

countnes, but column 3 shows that the growth rate has no si@cantly positive trend in 

Equation (A2.3) appears i d a r  to equation (2.7). but with a crucial difference. 
Equation (2.7) can generate a positive growth rate even i f A  is constant; but equation 
(A2.3) cannot support a positive growth rate unless A grows at an exogenously 
determined rate: if A is constant but the capital stock grows, then AM-' will eventually 
approach to zero. Therefore, the steady-state rate of growth in a neoclassical growth 
model depends on the rate of technological progress, rather than on the rate of investment. 



any of these 15 countries. 

However, two data problems plagued Jones' study. First, Jones' results were 

based on data fkom PWTS . Since his study this data set has been substantiaiiy revised and 

extended. These revisions and extensions include the foliowing: some series, e-g., the 

investment rate in the United States, were revised in PWTS.6 because of data errors in the 

early version;'* most series were updated and extended fiom 1988 to 1992; new 

methodologies were used in PWT5.6, resulting in improvements in data quality.13 

Second, Jones used the real GDP per worker in constant international prices (i.e., 

RGDPW series) to calculate the growth rate, but to represent the investment rate he chose 

the senes of gross domestic investment as a percentage of GDP in current international 

prices (Le., the CI series), rather than gross domestic investment as percentage of GDP in 

constant international prices (Le., the I series). This is apparently inappropriate because, 

on the one hand, the two series have dEerent price bases, and they are therefore 

incomparable; on the other, as indicated by Summers and Heston (1 99 1), series based on 

current prices are generally not intertemporally comparable." 

l2 See Figure A 2  1 in Appendix II for an illustration of the dflerence in the 
investrnent rate between the two versions. 

'3 See About PWTS. 6 on the University of Toronto's website: 
http://www.epas.utoronto.ca:S680/pwt/pwt.html. 

l4 A time series of investment rate based on constant prices and that based on 
current prices will be identicai if and only ifthe price indices of investment goods and 
those of the other components of GDP are identical. This is, however, rarely the case. 



Table 2.1 Time trends of investment and growth rates in 15 selected OECD countries. ' 
- -  - - 

Jones' results (1 950-1988) Results based on PWT 5.6 (195 1-1990) 

Growth Investment rate Investment Growth rate 'ld 

Country rate rate '*d Trend R2 Trend R2 
Australia 

Austria 

Belgium 

Canada 

Denrnark 

Finland 

France 

Germany 

Italy 

Japan 

-0,010 
(- o. 15) 

-0.1 10" 
(-2.53) 

- 0.032 
(-0.68) 

0.020 
(O. 3 8) 

-0.029 
(- 0.4 1) 

-0.036 
(- O. 63) 

- 0.087" 
(-2.38) 

-0.1 53"' 
(- 3.26) 
-0.095" 

(- 2.63) 

-0.1 82"' 
(- 3 .O7) 



Table 2.1 (Continued) 

Jones' results (1950-1988) Results based on PWT 5.6 (1951-1990) 

Investment Growth Investment rate Growth rate 

Country rate rate Trend R2 Trend R2 
Net herlands -0.140 - 0.075 -0.089 0.101 -0.104" O. 149 

(- 1.36) (- 1.40) (- 1.22) (- 2.66) 

Sweden -0.033 - 0.033 -0.036 0.026 - 0.059" O. 156 
(-0.43) (- 1 .OO) (-0.57) (-2.76) 

United O. 158" 0.002 0.095" 0.23 5 -0,010 0.003 
Kingdom (2.71) (0 .06) (2.02) (-0.38) 

United O. 068" 0.001 -0.019 0.034 -0.029 0.017 
States (2.18) (0.01) (- 1.61) (- 1.09) 

Note: * This table reports the estimate of b from the equationy, = a + b T + e, where y, is the growth rate or 
investment rate; and T is a time-durnmy variable. 

Reproduced from Jones' (1995; tables II and IV, on pp. 500 and 507). 
' The Newey and West (1987) t-statistics (robust-White and robust to autocorrelation) are reported in 

** *** parenthesis. , indicate significant at 5% and 1% levels, respectively. 
* The growth rates are multiplied by 100 in this table. 
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The results of a the-trend regression using the growth and investment rates fiom 

PWT5.6 are reported in columns 4 to 7 in Table 2.1 .'' These results clearly m e r  fiom 

those of Jones (1995), partidarly in tirne trends in investment rates. Column 4 shows 

that during 195 1-1 990, the invernent rate had a significantly positive trend in only three 

of these 15 countries, and it had a significantly negative trend in three others. According 

to these new results, the investment and growth rates move in the sarne direction (Le., 

tirne trends have a cornmon sign) in a majority (nine in 15) of the OECD countnes in the 

sample. Only in two of these 15 countries, i.e., Austria and Japan, were the trends in the 

investment rate signincantly positive while the trends in the growth rate were si@cantly 

negative. But, as I show later in this chapter, the post-war tirne trends in Japan fails to 

capture the steep up-swings in the investment and growth rates before 1973 and the sharp 

down-swings after 1973. If one extends the sarnple penod back to the last century, then 

one can see clearly that both growth and investment rates in Japan have increased 

significantly. On the whole, therefore, the tirne-trend analysis gives support, albeit weak, 

to endogenous growth theory. 

Although the evidence conceming the time trends in the growth and investment 

rates for OECD countries in the post-war era is straightfonvard and informative, these 

results are iimited in two ways. Fist, a cornparison of the simple detenninistic time trends 

of growth and investment rates may be inadequate to reflect the complex long-run 

dynamic relatiowhip between the two variables. For instance, deterministic t h e  trends 

'* See Table A21 in Appendix II for merences between Jones' (1995) data sets 
and those used in this study. 
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fail to capture up- and down-swings or stmctural breaks in econornic growth? Second, 

the time trends estimated for a short time span may fail to provide any good indication of 

long-run behaviour- Endogenous growth theories imply a long-nin M a g e  between 

growth and investment rates, but this linkage dose not necessady emerge fiom 

observations made over only four decades. One indication of the inadequacy of the simple 

deterrninistic time-trend regressions is the low values of R2. As one can see from Table 

2.1, in most of these 15 OECD countries, the tirne trends only explain a very small portion 

(often less than 10%) of the variations in growth and investment rates. 

2.3. The Long-Run Perspective 

To better understand the long-run dynamic relation between investment and 

growth rates, 1 examine the annual time senes in five major developed countries during 

1870- 1987. These five countries - Australia, Canada, Japan, the United Kingdom, and 

the United States - were selected purely on the basis of availability of continuous annual 

data on investment and growth rates £?om 1870 to 1987, ushg Maddison's (1 982, 1989, 

199 la) data set. The long-nui stochastic trends were extracted fiom the senes of growth 

and investment rates ushg the filter of Hodrick and Prescott (1 980).17 To facilitate 

I6 Interestingly, a number of prominent economists - fkst N.D. Kondratieff, then 
S. Kuznets and J. A. Schumpter - believed that there were long waves in long-run 
economic growth, which aiso cannot be explaineci by deterministic trends. See Maddison 
(1 99 1 b, chapter 4) for a review of the long-wave theory. 

" Hodrick-Prescott (HP) filter is a two-sided symmetric moving-average filter. It 
decomposes a time series into a cyclical component and a trend (or growth) component. 
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comparison between the two series, the trends were then nonnalized for each series, 

givllig each a mean of zero and a standard deviation of 1 ." The results are presented in 

Figure 2.1. 

Figure 2.1 shows that during 1870-1988, growth rates moved with investment 

rates fakly closely in moa of these five countries. In general, the trend components of the 

growth rates fluctuated more widely than those of the investment rates, especidy during 

19 14-1 945 (indicated by the grey areas in the graphs), which indudes the two world wars 

and the Great Depression. However, the trend components of the two series seem to be 

linked. The long-run dynamic M a g e  between the growth and investment rates has two 

characteristics. One is a cornmon upward drift in the two series. The other is that the up- 

and down-swings in one series are generdy foilowed by simiiar swings in the other. The 

common drift is particularly obvious in Australia, Japan and the United Kingdom, where 

both series have clear positive long-mn trends, but the similarity of up- or down-swings 

between the two senes can be seen in al1 five countries at various times. 

Singleton (1988) showed that the HP filter operates like a high-pass filter when applied to 
stationary time series. A high-pass filter removes the low-eequency or long-cycle 
components and dows the hi&-fkquency or short-cycle components to pass through 
(see Cogley and Nason 1995). 

" Another widely used alternative way of showing the trends of t h e  series is to 
plot the moving average of the series. As 1 show in Figure A3.1, in the Appendur III, a 
similar long-run relation between the growth and investment rates is evident in the five- 
year-moving-average graphs for these corntries. 



Figure 2.1 A long-run perspective on the ùivestrnent and growth rates 
in five major developed countries, 187Sl987 

Note: The Hodnck-Prescotî trend components of the growth rate are plotted as soiid lines, and 
those of the investment rate are show as dottcd Lims. The grey areas cover the two world 
wars and the years between the wars. Both series are nonnalized so that each of them has a 
mean of zero and a standard deviation of 1. 

Source: See Appendix II. 
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The graphs in Figure 2.1 provide a long-run historical perspective and help us to 

better understand the relationship between investment and growth rates in certain periods. 

For example, during the post-war penod, almost aii of the five countries initiaiiy 

experïenced strong up-swings in both investment and growth rates, foliowed by drarnatic 

down-swings in the growth rate and, to a lesser extent, the investment rate. But this is 

only an episode in the long-nui dynamics of the two series. The deterministic tirne trends 

derived from this penod alone (as show in Table 2.1) not ody fail to capture the up- and 

down-swings in each series, they may even be misleading. The case of Japan is the most 

typical. The observations on the growth and investment rates in Japan during 1950-1990 

give a positive tirne trend for the investment rate and a negative tirne trend for the growth 

rate. But broadening the horizon and comparing the behaviour of the two senes since 

1885, one can see a clear upward drift in the rates of both growth and investment. For 

another example, the deche in growth rates, and to a lesser extent in investment rates, 

occuning in many developed countries after mid- 1970 was not necessarily a sign of 

permanent productivity slowdown. Indeed, the graphs show that the growth rates started 

to rebound in the early 1980s in four of the five countries, excluding Japan. 

2.4. Summary 

This chapter bnefly lays out the one-sector AK model and presents some informal 

but intuitive tirne-senes evidence for the model. Two main hdings emerge from the 

empiricai regularities containeci in the two data sets: one for 15 OECD countries in the 
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post-war era and the other for five major OECD countries since 1870. First, the tirne 

trends in growth and investment rates move in the same direction in a majority of the 15 

selected OECD countries during 195û-1990. Second, although the two senes fluctuate 

widely in the five major OECD countries since 1870, they seem to drift upward together, 

and they track each other quite closely in the sense that the up- and down-swings in one 

series are often foilowed by similar nvings in the other. Both findings are consistent with 

the prediction of the AK model. 



CHAPTER 3 

TIME-SERES TESTS OF TEE ONE-SECTOR AK MODEL RE-EXAMINED 

n i e  historicd evidence in the preceding chapter is illuminating but infonnal; it faiis 

to exploit fully the potentiai of the-series anaiysis. In this chapter, I draw on the recent 

techniques in the-series anaiysis to develop an empiricai procedure to estimate the long- 

mn relation between growth and investrnent rates; I then use this procedure to test the 

endogenous growth hypothesis hplied by the one-sector AK model; i-e., that the 

investment rate has a positive long-run effect on the growth rate. 

3.1. The Empirical Procedure for Estimating the One-Sector Mode1 

The dynamic relation between growth and investment rates impiied by the AK 

model (Le., equation [2,7]) can be expressed as the following distributed lag model: 

where g, is the growth rate; a is a constant; B o  is a polynorniai of orderp in the lag 

operator L, e-g., 



where b, b,, . .. , bp are the lag coefficients; x, denotes the investment rate at t h e  and e, 

is the disturbance term, which includes cyclical shocks in the economy. Both gr and x, are 

assumed to be stationary. It follows that e, is also stationary. 

One major problem with estimating the long-mn relation between growth and 

investment rates using equation (3.1) is that the independent variable x, and its lagged 

values may be correlated with the disturbance term E,. Such correlation can arise because 

of cyclical fluctuations in the econ~rny.'~ These fluctuations (icluded in rJ tend to affect 

both growth and investment rates, causing them to deviate 60m their long-run values. 

The disturbance terni gr would thus be correlated with current and lagged values of the 

investment rates? It is weli known that ifthe regressors are correlated with the 

disturbance terms, then the OLS estimators WU be biased and inconsistent, In recent 

literature on empirical tests of growth models, many authors - including Barro and Sala- 

i-Martin (1995, chapter 12), Mankiw (1995) and Jones (1995) - have noted another 

potential source of bias in OLS estimators, i.e., the possible reverse causality fiom growth 

I9 In models with transitionai dynamics, the transitional factors in the economy wiil 
also cause this correlation. 1 discuss this case in Chapter 5.  

The deviation of the measured growth rate of labour productivity fkom its Iong- 
run value could stem kom, for instance, variations in capacity utiiization and labour 
hoarding in response to the business cycle, whereas the deviation of the investment rate 
couid be directly caused by cyclicai fluctuations in output. See Brecher et al. (1996) for a 
similar argument in an endogenous sectord-productivity growth model. 



to investment rate. 

One way to deai with the biases arising f?om cyclical disturbance or reverse 

causality would be to use instmental variables.*' It is difncult, however, to find a 

satisfactory instrumentai variable for investment rate. For instance, the lagged value of 

investment rate seems to be a natural choice as an instrumental variable for the current 

investment rate; however, since the error term in this mode1 is, as in many other the-  

senes models, likely to be serially correlated, this instrumental variable is of little help. 

This study adopts an alternative procedure for dealing with these biases. The 

procedure was earlier used by Saikkonen (1991), Phiilips and Loretan (1991) and Stock 

and Watson (1993) in the estimation of cointegration regression~.~ It is dso well-suited 

to correct the correlation between the independent variables and the disturbance term in 

stationary regression models. For instance, it was recently applied by Brecher et al. 

(1996) in the estimation of sectoral-productivity growth models. The details of this 

procedure are described below. 

Fust, isolate the long-mn effect of the rate of investment on the rate of growth and 

rewrite equation (3.1) as 

*' Some recent cross-countries -dies used instrumental variables to avoid 
endogeneity problem, e.g., Barro and Sala-i-Martin (1995), CaseIli et al. (1996) and Barro 
(1 997). 

a See Hamilton (1994, pp. 608-613) for a detailed description of this procedure in 
the estimation of cointegrahg regression. 
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where B(I) is the sum of the coefficients in the polynomial B o ,  which captures the long- 

run effect of the investment rate on the growth rate, i-e., 

~ ( 1 )  = b,+ al  + a,+ ... + a,; 

B ' O  is a lag polynomiai, such that 

and Ax, is the fkst merence of the investment rate x,. Since the steady-state equation 

(2.7) represents the long-run relation between the growth and investment rates, it implies 

that B(1) > 0. 

Next, consider a linear projection of the disturbance term et on the current value of 

x, and its lads and lags, Le., 

where C(LI is a lag polynomial of order 2xq, which can be expressed asU 

the parameter q represents the length of the lead and lag; and v, is the residual. By 

construction, v, is uncorrelated with x, and its lads and tags. Because the short-nin 

1 assume that the correlation among x, and r, is zero beyond q periods of lead or 
lag. 



28 

fluctuations in the economy affect both the growth and investment rates, the polynomial 

C(L) contains non-zero coefficients. The rationaie for relating et to both the leads and 

lags of x, is that the timing of the effects of the short-run shocks on investment and growth 

rates is unknown. These shocks can begin affeaùg the growth rate either before or after 

their initial impacts on the investment rate. Because cyclical shocks can only have a 

negligible effect on the growth and investment rates in the remote past or future, 1 assume 

that the correlation between x, and E, is zero beyond q periods of Iead or lag. 

Cyclical shocks may cause the growth and investment rates to temporally deviate 

from long-ru equilibrium, but they cannot alter the underlying parameters deteminhg the 

equilibnum. In other words, no long-run relationship holds between the disturbance tem 

and the investment rate. Thus, C(I) = Using this restriction, equation (3.6) can be re- 

written as 

e t  = C(l)x,+ C'(L) A x t q + v t  

= c ' ( A )  A%+ v,. 

Substituthg in equation (3.3) for et fiom equation (3.8) and rearranging if one can 

arrive at the following: 

*' The restriction C(I) = O plays a citical role in deriWig equation (3.9). This 
restriction is consistent with the standard view of long-nin growth. However, in some 
macroeconomic models, the cyclical effect can pennanently affect the path of the 
economy. See, for example, the mode1 with hysteresis in Blanchard and Surnmers (1986). 
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where D'O = Cf@) for p > O (i.e., for leads of Ax, ) and D f 0  = Bf(Z) + Cf@) for p s O 

(Le., for current and lagged tenns of Ax, ). In general, merence rnay occur in the lag 

lengths of Bf(Z) and C ' a ,  which are p and q, respectively. This is because lag length p 

depends on how long it takes to capture the long-run effect of the investment rate on the 

growth rate, whereas q depends on the number of periods of lead and lag within which the 

disturbance term is correlated with the investment rate. The lag length in D'a) equals the 

larger of p and q. 

Jones (1995) used a different empincal procedure to esthate the long-run effect of 

the investment rate on the growth rate. His procedure can be expressed asz 

Two main problems affect the estimation of the long-run relation between the 

growth and investment rates in the form of equation (3.10). First, as discussed above, the 

disturbance term E, is likely to be correlated with the current and lagged values of 

investment rate? Second, E, is also likely to be seriaiiy correlated, thus it may be 

Equation (3.10) can be seen as a special case of the transfer function model, 
which has a general form 

where the disturbance terms are represented as an MX process (see Harvey 1990, chapter 
7). The polynomial B(Z) is called a transfer fundon because it shows how a movement in 
the exogenous variable x affects the tirne path of (Le., is transferred to) the endogenous 
variable y. 

*' Jones (1995) dealt with this problem indirdy,  using an extreme-bounds 
technique. 
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correlateci with the autoregressive terms A(Z)gfif. These two problems will result in an 

inconsistent estimate of B(1). But they c m  be avoided by using the procedure expressed 

in equation (3.9). 

An additional problem with equation (3.10) is that it has no constant term. But 

with a positive depreciation rate ok and population growth rate n, the AK mode1 irnplies 

that the growth rate is negative when the investment rate is O, as is evident in equation 

(2.7). Thus 1 include a constant term in equation (3 -9) to reflect the true spirit of the AK 

model. 

3.2. TirneSeries Tests Using the Post-War Data 

In the tests of the one-sector model in this chapter, as well as the tests of the two- 

sector model in Chapter 5, 1 use the-senes data for OECD countries only. This is 

intended to take advantage of the better availability and higher reliability of annual time- 

series data, to avoid confounding possible clifferences in the processes of growth in 

developing and developed countries, and to ensure that my findings are closely 

comparable with those of existing studies. Presently, the OECD has 29 member countries. 

Because the data are available only up to 1992, I exclude from the sample the five 

countries that joined OECD &er 1992: the Czech Republic, Hungary, Korea, Mexico and 

Poland. This gives me a sample of 24 OECD corntries. In the tests using the post-war 

data, 1 first focus on the 15 countries examined in Jones' (1995) study, then extend the 

tests to the other nine countries in the sample. 



According to the AK model the long-run eEèct of the investment rate on the 

growth rate is positive. This irnplies a hypothesis for equation (3.9), Le., B(I) > O. I 

estirnate equation (3.9) with four leads and lags of A x  for the 15 OECD countries selected 

by Jones (1995) and sumnarize the key results in Table 3.1. The results are, however, 

very robust to the choice of the length of leads and lags. For instance, varying the length 

of leads and lags fiom 2 to 6 - a range broad enough tc  embrace a typical business 

cyclen - causes no noticeable change in the sign, magnitude or the levels of signincance 

of the estimated  coefficient^.^ 

Because in equation (3 -9) the disturbance term is uncorrelated with the 

independent variables, consistent estimates of the parameters can be obtained by using 

least-squares estirnators. But, as is common in a tirne-series senin& the disturbance term 

is likely to be seriaily correlated. As such, the standard errors of the coefficients 

conventionaiiy estimated by the least-squares estimators are likely to be biased and 

incon~istent.~~ To correct this bias in estimates of the standard errors, 1 use the 

Newey-West (1 987) estimator of the covariance rnatrix of the disturbance term, which is 

heteroscedasticity and autocorrelation consistent. 

National Bureau of Economic Research (NBER) Official Business Cycle Dates 
show that the average US peace-the business-cycle duration is 48 months (see United 
States, Department of Commerce 1994). 

See, for example, Table A3.1 for the results of regression with five l ad s  and 
lags of the f ~ s t  merence of investment rate. 

" If the autocorrelation is positive, as in most economic t h e  series, the standard 
errors of coefficients estimated by least-squares estimators are usuaiiy too s m d  (see 
Greene 1993; p. 422). 



Column 2 in Table 3.1 shows that the estimate of the long-nin effect of the 

Uivestrnent rate on the growth rate is positive and that it ciiffers significandy fiom zero at 

5% level (i-e., p r 0.05) in eight of 15 countries. Aithough the long-run coefficient has the 

wrong sign in three countries, in none of them is the coefficient significantly negative. For 

the eight countries where the estimated long-nui coefficient is signuicantly positive, the 

magnitude of the coefficient is rather similar: a one percentage point increase in the 

investment rate is associated with one quarter to one (0.2 14.92) percentage point 

increase in the growth rate. 

The vaiues of adjusted indicate that the long-run effect, together with short-run 

dynamics, of the investment rate explains 57-92% of the total variation in the growth rate 

in aii 15 countries except Nonvay. This goodness of fit is remarkable, considering that the 

mode1 has ody one independent variable - Le., the investment rate - and the leads and 

lags of its first-difrence term. 

Durbin-Watson statistics in the last column indicate that senal correlation is a 

problem in a majonty of countrïes in the sample. So, the correction for senal correlation 

using the Newey-West estimator is indeed necessaxy. The Newey-West Z-statistics 

reported in the table are based on the assumption of AR(1) disturbance terms, but 

aliowing higher orders of autocorrelation makes linle Merence to the estimated standard 

errors. 

The results reported in Table 3.1 dSer substantially from those found in Jones' 

(1995) study. Based on his specification, expressed in equation (3. IO), and the PWTS 

data set, Jones found no evidence for B(1) > O for the 15 OECD counties, and several of 



Table 3.1 Long-nin effect of the investment rate on the growth rate in 15 OECD 
coumies, 195&1990 a 

Long-run effkct Durbin-Watson 
Country B( 1) Adjusted R2 statistics 

Australia 

Ausiria 

Belgium 

Canada 

Denmark 

Fdmd 

France 

Ge-y 

Italy 

Japan 

Netherlands 

Norway 

Sweden 

United Kingdom 

United States 

0.463"' 
(3 -304) 

-0.184 
(- 1- 129) 

0.463"' 
(3.145) 

- 0.085 
(- 0.27 1) 

0.009 
(O. 169) 

0.20 1 
(1.596) 

0.207" 
(2.2 1 8) 

0.466"' 
(8.345) 

0.538"' 
(7.101) 

-0.028 
(-0.360) 

0.476"' 
(5.842) 

0.052 
(0.254) 

0.270"' 
(3.984) 

0.046 
(0.353) 

0.9 19" 
(2.3 15) 

Note: The coefficients and t-staîisîics for the leads and Iags of the firstdifZefence term of the 
independent variable are not reporteci in the table here and throughout this paper. 

t-statistics caldated h m  the Newey-West estimators are reporteci in parenthesis, here 
and throughout the tables in this chapter. 
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his estimates produced B ( l )  significantly less than zero? Since Jones' tests and mine 

differ in both data sources and the empincal specification, it would be interesthg to see 

how much of the merence in the results can be attributed to the ciifference in the data 

source and how much to that in the empirical specincation. For this purpose I run 

regressions of my specification, expressed in equation (3.9), with Jones' data set, and 

report the results in Table 3.2. A cornparison between the results reported in Table 3.1 

and those in Table 3.2 shows that the ciifference in data sources cause no essential 

difrence in the regression results in a vast majority of the 15 countries. For instance, 

while B(l) is sigdicantiy positive in eight countries in Table 3.1, it remains significantly 

positive in six of these eight in Table 3.2. The only major difference that the change in 

data source makes is in the United States; i.e., B(1) for the United States is sigrilficantly 

positive in Table 3.1, but sigdicantly negative in Table 3.2. However, a data error is 

found in the investment rate for the United States in PWTS, and the error couId account 

for the ciifference in the regression result~.~'  As the regression results reported in T-ble 

3 -2 seem to be very close to those shown in Table 3.1 but quite different fiom those found 

in Jones' (1995) study, 1 believe that the dserence between the long-run eEect of the 

investment rate estirnated in this study and that estimated by Jones (1995) is due 

30 However, as Jones (1995) did not show the regression results, 1 cannot compare 
bis estimates with mine. 

" See Figure A2.1, in the Appendix II, for the merence in the investment rates 
for the United States in the two data sets. The errors in the US investment rate in PWTS 
were corrected in PWTS -6. 



Table 3.2 Long-run effect of the investment rate on the growth rate in 15 OECD 
countries, using Jones' (1 995) data set, 1950-1988 

Model: 

- -- 

Long-m Effezî Dirrbin-Watson 
Country B( 1) Adjusted R2 staîis tics 

Australia 0.75 1"' 0.693 2.198 
(5.365) 

Canada 

France 

Japan 

Nether Iands 

Sweden 

United Kingdom -0.002 
(- 0.025) 

United States - 0.926"' 
(- 4.3 83) 

Note: ' The data set, based on PWTS, is provided by Jones. 
b -0 .œ- . . uidicate sigdiuint at IO%, 5% and 1% levels, respectively. 



primariiy to the ciifferences in empincal spe~ifications.~ The correltition between the 

disturbance terrn and the explanatory variables, which exîsts in Jones' specifïcation 

expressed in equation (3.1 O), may be partly responsible for the negative long-run effect of 

investment found in his study. 

It is interesting to compare the results in Table 3.1 with the time trends in Table 

2.1. While the estimates of long-run effects of the investment rate on the growth rate 

reflect the dynamic relation between the two senes for the entire sample period, the tirne- 

trend regressions simply fit the growth and investment rates with straight lines, and they 

take no account of possible long swings or nonlinear trends in the variables. This 

methodological dserence in the two tables can help to explain why the long-run effect of 

investment rate has a positive sign in Denmark, France and the United Kingdom, despite 

the fact that the time trends for the investment and growth rates in these countries have 

different signs. The results of the tirneseries regressions reported in Table 3.1 provide 

more convincing evidence of a positive linkage between investment and growth rates and 

therefore support the AK mode1 of endogenous growth. 

The 15 OECD countries in Tables 2.1, 3.1 and 3.2 are selected to facilitate 

cornparison with the sarnple in Jones' (1995) study. One can as well estimate the long-nin 

effect of investment for the remaining OECD countries in the sarnple. Table 3.3 shows 

that the OLS results based on equation (3.9) for the other nine OECD countries are quite 

32 Jones h d l y  provided me with the data set he used in his paper, and this enables 
me to run a r e p s i o n  of equation (3.9) based on his data. But I do not have the exact 
empirical specification of his individual-country regressions; thus, I am unable to replicate 
his tests with new data based on PWT5.6. 



similar to those reportai in Table 3.1. The long-run effêct of the investment rate is 

positive in seven of these nine countries, and it is significantly positive in three. In not a 

single country is the long-nin effect of the investment rate significantly negative. 

Table 3.3 Long-m effect of the investment rate on the growth rate in nine OECD 
countries, l9Sû-IWO 

Model: 

Long-run E f f i t  Durbin-Watson 
Country WI) Adjusteci R.' s tatistics 

Greece ' 0.420"' 0.580 2. 171 
(5.696) 

Iceland O. 143 0.396 1.470 
(0.66 1) 

Ireland O. 143' 0.630 1.757 
(1 -972) 

Luxembourg O. 125 0.550 1.436 
(1 S6O) 

New Zealand 0.856"' 0.383 2.225 
(3.580) 

Portugal 0.057 0.276 1.247 
(0.276) 

Spain O. 198 0.560 0.822 
(1.667) 

Switzerland - 0.084 0.68 1 1.41 1 
(-0.524) 

Turkey - 0.079 O. 102 2.0 1 1 
(-0.294) 

Note: ' 1950-1991. 
195û-1990. 



3.3. TirneSeries Tests Using Annual Data for More Than a Century 

The time senes of annuai data in the post-war era rnay not be long enough to 

reveal the long-run relationship between growth and investment rates. The main concem 

is the lack of degrees of f i e e d ~ r n . ~ ~  Indeed, the lack of degrees of freedom rnay to some 

extent account for the renilt that B(1) is not sigdicantly different nom zero for about one 

haif of those 24 OECD countries reported in Tables 3.1 and 3 -3. 1 address the degrees-of- 

fieedom problem in two ways. First, I use the Maddison data set on investment and 

growth rates to examine the relationship between the two variables for more than a 

century, starting as early as 1870, for six major developed countries. Second, 1 run pooled 

regressions for the 24 countries in the sample, assurning equality of the long-run effect of 

the investment rate on the growth rate in al 24 countrïes or within certain subgroups. 

Each approach has its advantages and disadvantages. The advantage of the first approach 

is that using the-series data for more than a century provides the model wiîh more 

degrees of fieedom and more variability. The disadvantages are: (1) stmcturai breaks and 

parameter changes during the long sample period could tirnt the applicability of the model; 

and (2) the M e r  back one goes in the history, the more difficdties one is likely to face in 

t e m  of availability and reliability of the data. Pooled regression is an effective way to 

address the degrees-of-eeedom problem without introducing the problems with structural 

33 The annual data are available for 19504990, but a great loss of degrees of 
fieedom is caused by including the leads and lags of the fmt merence of the investment 
rate in the estimating procedure. For instance, the degrees of &eedom were reduced to 23 
after adding four l ad s  and lags of the first difference of investment rate to the regression. 



breaks and parameter changes. The benefits of pooled regression corne, however, at a 

cost: the assumption of equal long-run effects across countries may be problematic 

because of the heterogeneity of the OECD countries in the sample. PooIed tirne-series 

regressions are discussed in the next section. 

As shown in Figure 2.1, one main problem with using long tirne senes is that the 

two world wars had tremendous impacts on the behaviour of the investment and growth 

rates, causing wild swings especialiy in the growth rates, during the war tirnes and the 

reconstruction periods following the wars. One way to control for the impacts of the wars 

is to exclude war periods fiom the sample. Reported in Table 3 -4 are the key results of 

estimating equation (3.9) for Australia, Canada, France, Japan, the United Kingdom, and 

the United States for 18761987, excluding the war years ( Le., 19 1 6 1 9  19 and 

1939-194~).~ The long-run multiplier of the investment rate has a positive sign in all six 

countries, and it is significantly positive in four. These results provide stronger support 

for the AK mode1 than those based on post-war data. One especially noteworthy change 

occurs in the estimate for Japan, where the post-war regression gives a negative estimate 

of the long-run effect of the investment rate, but the century-long tirne-series regression 

produces a positive and significant estirnate. The increase in data points also lead to more 

efficient estimates of the long-nin multipliers in Australia, France and the United 

Kingdom, as the standard errors of the coefficients are much smaller for these countries in 

" The sample penod for Japan is 1885-1987. The years excluded fiom the sample 
for France are 1914-192 1 and 1939-1950, because Macidison (1991a) data on the 
investment rate for France duMg these years were unavailable. This is also why the 
Hodrick-Prescott trends in the investrnent and growth rates for France were not reported 
in Figure 2.1. 



Table 3.4 than those for the same countries in Table 3.1. 

Table 3.4 Long-run effect of the investment rate on the growth rate in six major 
developed countries, 187û-1987 ' 
Model: 4 

g = a ( ) i  Z dkAic4+vc 
k 4  

Country 
Durbin-Watson 

B(1) Adjusted statistics 

Canada o. 101 
(O. 977) 

France 0.3 19"' 
(5.437) 

Japan 0.234"' 
(3 -682) 

United Kingdom 0.091' 
(1.671) 

United States 0.156 
(0.525) 

Note: ' Excluding the years during the two world wars (Le., 19 14- 19 19 and 
1939-1945), except for France, where 19 14-1 92 1 and 1939-1 950 are excluded. 

1885-1987. 

Another way to control for the impacts of the wars on die estimates of long-mn 

multipliers is to use durnrny variables for 19 10-1 950, which includes the two world wars 

and the inter-war years with special economic problems such as the Great Depression. 

The regression results of the dummy-variable method (reported in Table A3.2, in 

Appendix III) d s e r  little nom those reported in Table 3.4. 



3.4. Panel-Data Tests of the 0nô.Sector Mode1 

The panel-data approach to empirical testing of growth theories recently received 

considerable attention in the l i t e r a~e .~ '  Because panel data comprise observations of a 

cross-section of units (countries, fhs, or households, etc.) over t h e ,  they provide more 

degrees of fieedom, greater variability and lesser collinearity among variables than single 

the-series or single cross-sectional data sets. Panel data also aiiow reswchers to make 

inferences about dynamic behaviour and cross-sectional dserences in the same model." 

Generaiiy speaking, a panel data set has two dimensions - length (Le., the number of time 

periods) and width (Le., the number of units) - and therefore two types of heterogeneity 

- intertemporal and cross sectionai. Long and narrow panels - Le., those containing 

data on a few units over a long period - are often referred to as pooled-tirne-series data 

sets; short and wide panels - Le., those containing data on a very large number of units 

over a short period - are sometimes referred to as longitudinal data sets." Diffierent 

types of panel data require diEerent analytical approaches. For example, the analysis of 

pooled-time-series data often emphasues the time dimension by controiiing for cross- 

sectional heterogeneity, whereas the anaiysis of longitudinal data tends to focus on the 

cross-sectionai heterogeneity. 

- - -- - - - - - 

" See Coe and Helpman (1995) and Islam (1995), for example. 

" See Baltagi (1995, pp. 3-7) for benefits and limitations of panel-data analysis. 

37 See Greene (1 993, chapter 1 6). 



The panel of annual data 

as a pooled-tirne-series data set. 
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for 24 OECD countries during lgS&l99O can be viewed 

To use this data set to test the one-sector AK model, 1 

r e -h t e  equation (2.7), which d e t e d e s  the long-nin growth rate, as a general pooled- 

tirne-senes data model: 

where superscript i identifies a country or a group of countries in the panel of 24 

countries; d denotes the tirne-invariant country-specific (or group-specific) intercept; and 

e: is the disturbance tenn, which varies across countries and over time. In the context of 

the one-sector AK model, variations in intercepts can result from dserences in underlying 

parameters - such as the depreciation rate and population (or labour-force) growth rates 

- across countries or fiorn country-specific meanirement errors in growth and investment 

rates. 

As in the single-country regression model, r: reflects cyclical shocks in each 

econorny in the pooled-time-senes-data model; thus, it is highly possible that E,' is 

correlated with x: at tirne t and seridy correlated over time in country i. Using the 

procedure developed for the single-country the-series regression model, 1 take the 

correlation between E: and x: into account by augmenthg the pooled regression with lads  

and lags of the first ciifference of the investment rates, and 1 re-write equation (3.1 1) as 

where v: is unconelated with x: and Ax:. 
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An important issue in pooled-tirne-senes-data malyses is accounting for parameter 

heterogeneity among countries. Because parameter heterogeneity may take the form of 

variations in intercepts or slope coefficients, or both, 1 consider the foliowing four cases, 

corresponding to four sets of restrictions on the intercepts and the short- and long-run 

slope coefficients in equation (3.12): 

( 1 )  AU intercepts and long- and short-run slope coefficients are the sarne 

across countries, Le., d = a, = B(I) and D'a) = D'a; 

(2) Intercepts and long-run slope coefficients are the same, but short-run dope 

coefficients dïfFer, Le., d = a, B(.) = B o  and Du(Z) # D'a; 

(3) Long-run dope coefficients are the same, but intercepts and short-run slope 

coefficients ditFer, Le., d #a, B(i) = B(i) and D"(Z) #Dr@); and 

(4) Intercepts, as well as long- and short-run slope coefficients dEer, i.e., 

d #a, B(1) # B(I) and D' (Z) #D'o. 

An issue related to cross-country parameter heterogeneity is whether the variations 

in intercepts and slope coefficients are to be thought of as k e d  or random. In general, the 

fixed-coefficients mode1 is an appropriate specification if the focus of the model is on a 

specific set of units and the inference is restricted to (or conditional on) the behaviour of 

this set of units. The random-coefficients model is an appropriate specification if the 

sample is drawn randomly from a population and the inference pertains to the population 

from which the sample was ~irawn.~' For this shidy, the fixed-coefficients model is a 

better choice because, fira, the panel is not a random sample of OECD countnes but 

'' See Hsiao (1975, pp. 4148  and pp. 128-138) and Baltagi (1995, pp. 9-18). 
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contains all countries that became OECD members before 1992. Second, a random- 

coefficients mode1 assumes that the country-specific effects are independent of other 

regressors in the model. But if country-specific measurement errors occur in growth and 

investment rates, then the country-spdc effects are highly possible to be correlated with 

the regressors, contrary to the assumption of the random-effects model. hdeed, the fixed- 

coefficients model is the usual choice of rnacroecono~nists.~~ 

Another major issue in pooled-the-series regression models is possible cross- 

sectional heteroscedasticity and correlation of the disturbance t e m .  The pooled 

regressions of growth rates on investment rates in OECD countries are no exception. On 

the one hand, because OECD countries dEer in their sizes and in their growth and 

investment rates, they may also ciiffer in the variances of the residuals fiom the regressions 

of growth rates on investment rates. On the other hand, because the disturbance term 

captures cyclical effkcts in each country, and it is weli documented that the business cycles 

in OECD countries are closely iinked, it is reasonable to expect a contemporaneous 

correlation of disturbance terms across countries. Therefore, the least-squares estimators 

of the pooled regressions would be inefficient because they take no account of the possible 

cross-country heteroscedasticity and correlation of the disturbance terms. To address this 

concern, 1 also use Seemingiy Unrelated Regression (SUR) estimaton for the long-mn 

multipliers in ail the four cases. The restrictions in each case are irnposed by assurning the 

equality of the relevant coefficients across equations in the SUR estimators. 1 report the 

results fiom both OLS and SUR eshators in the discussion of these four cases. 

39 See Islam (1995) and Judson and Owen (1996), for example. 
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As in single-tirne-series regressions, in each of the four cases discuss below 1 use 

four lads and lags of the first-ciifference term of the investment rate to augment the OLS 

and SUR estimators. The estimates are, however, very robust to changes in the number of 

lads and lags of the first-merence term included in the regressions." 

Case 1: d = a, p(l)= B(I) and De@) = D ' O  

Case 1 is the most restricted and the simplest case of pooled-time-senes 

regressions. It assumes that intercepts, long-run effects and short-nui dynamics are all 

equal across countries. This case is often referred to as the simple pooled-time-series 

regression, or the comrnon-intercepts model. Table 3.5 gives the key results fiom both 

OLS and SUR estirnators for this case. 

Just as the AK model predicts, the long-run multipliers of the investment rates are 

significantly positive. Two points ment M e r  comment. Fust, the estimated long-run 

coefficients are considerably smalier than those found in the countries where the 

individual-time-series regressions give significantly positive estimates of the multipliers. 

This phenornenon is not surprishg because pooled-time-senes regressions impose a 

comrnon long-run multiplier on all countnes in the panel. If the tme long-nin multipliers 

ciiffer among countries in the panel, the estimates using the panel data will naturaily 

underestimate the long-nm multipliers for some countries and overestimate them for 

others. Second, the pooled regressions explain a considerably smaller proportion of the 

" Table A3 -3, in Appendk III, reports OLS estimates with the number oflag 
ternis in the varying fiom 4 to 8. The regression results are robua to these variations. 



Table 3.5 Results of pooled regressions for 24 OECD countries, one-sector 
mode4 1950-1990, Case 1 

OLS SUR 

Standard error of 
regression 

0.006 
(O. 027) 

Note: ' The adjusted R2 and the standard error of the SUR estimator are not 
available. 

The standard error of the OLS regression is scaled up by 100 here and 
throughout the thesis. 

variations in the data than the single-time-series regressions do. The adjusted l? of the 

OLS regression is less than 50%, which is significantly lower than most of its counterparts 

in the single-tirne-series regressions. This is because the panel data include variations over 

time, as weU as over countries. Making the intercepts and slope coefficients equd across 

countries inevitably reduces the goodness of fit. 

Case 2: d = a, &(l) = B(1) and Dd@) + D'(Z) 

The short-run dope coefficients, D'a, tend to reflect each country's specific 

dynamic behaviour, such as the timing and the responsiveness of its growth rate to a 

change in the investment rate. Therefore, it wouid be too restrictive to assume that the 

short-run slope coefficients are equal across countries. In this case, 1 relax this assumption 

by allowing the short-run slope coefficients to Vary &om country to country. 
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Table 3.6 shows the key resdts from the OLS and SUR estimators under the 

assumption that the intercepts and long-nui coefficients are the same but the short-run 

coefficients Vary across OECD countries. Two points are worth noting. First, the 

estimateci long-run multiplier of investment rate is significantly positive, and its magnitude 

is compatible with that found in the previous case. Second, allowing the short-run 

effects to ciiffer across countries significantly Unproves the goodness of fit of the OLS 

regression, as shown in the d u e  of the adjusted l?, the standard error of regression, and 

the F-statistics. This hding confirms the prior information about the cross-country 

ciifferences in dynamic behaviour of growth and investment rates. 

Table 3.6 Results of pooled regressions for 24 OECD countries, one-sector 
model, 1950-1 990, Case 2 

OLS SUR 

a 

BU) 

Adjusted l? 

Standard error of 
regression 

F-test for common short- 1.484"' 
run coefficients 

Note: a The F-test uses the OLS regression in Case 1 as the restricted 
regression. 



Case 3: d # a, g(1) = B(I) and Dd(L) # LI'@) 

The intercept t e m  in equation (3.12) reflects depreciation and population growth 

rates in the AK model. It can be argued that the depreciation rates and population growth 

rates Vary with levels of economic development." Despite the generaily perceived 

homogeneity, the levels of economic development obviously differ among OECD 

countries." Therefore, it is worthwhile exploring whether the intercept ternis reflect these 

differences. To this end, I divide the 24 OECD wuntries into three groups, according to 

levels of economic development. The first group comprises the seven largest and most 

developed countries - Canada, France, Germany, Italy, Japan, the United KUigdom and 

the United States (often referred to as the G7 countries). The second group comprises of 

the nine srnail and medium sized developed countries - Australia, Austria, Belgium, 

Finland, Luxembourg, Neîherlands, Nonvay, Sweden and Switzerland. The thkd group 

consists of the remaining eight countries in the sample - Denmark, Greece, Iceland, 

Ireland, New Zeaiand, Portugal, Spain and ~ u r k e ~ . ~ ~  This group comprises the least- 

advanced economies in the sarnple. 

The key results of the pooled-tirne-senes regressions with group-specific 

" See Table A2.2 for the average population growth rates in OECD countries. 

" One indication of the heterogeneity of OECD countries is the ciifference in 
labour productivity. As it is shown in Table A2.3, in 1990 the labour productivity 
(measured by real GDP per worker) in the United States was more than twice as high as 
that in Greece and Portugal and more than four times as high that in Turkey. 

" The allocation of countries to the second and third groups is based on their 
levels of labour productivity in 1990. See Table A2.3 for a rank of real GDP per worker 
in these 24 countries. 



intercepts, country-specific short-run coefficients, and a cornmon long-run coefficient are 

reported in Table 3.7. The main finding worth emphasizing is that dlowing group-specific 

htercepts does not change the sign and magnitude of the estimated long-run multipliers of 

the investment rate. The estimated B(l) remains positive and significant, with a magnitude 

compatible with that in the previous cases. The r ed t s  suggest some Merences in 

intercepts among the three groups, as  the F-statistics reject the nuii hypothesis that the 

intercepts are identical across the three grou ps? 

Table 3.7 Results of pooled regressions for 24 OECD countnes, one-sector model, 
1950-1990, Case 3 ' 

Adjusted l? 

Standard error of 
regression 

F-statistics for 
common intercept 

- - -  - -  - 

Note: a a,, a, and a, stand for the intercepts of the three groups of countries, 
respective1 y. 
The F-test uses the OLS regression in Case 2 as the restricted regression. 

t-statistics also reject the nuii hypothesis. In the OLS regressions, for example, 
the t values for the difrence between a, and a, and that between a, and a, are 2.086 and 
3 S04, respectively, and both exceed the critical t value at the 5% level. 



Case 4: d #a, b(~) # B(I) and Dd(L) # D '(Z) 

The long-run effect of investment on growth depends on the level of technology 

and the ratio of physical to human capital. Therefore, it cm be hypothesized that this 

effect is higher in technologicaily more advanced countries (Le., the G7 countries in the 

first group) than in less advanced countries (i-e., countries in the second and third groups). 

1 test this hypothesis by lening the long-run coefficients of investment rates dSer among 

the three groups, and report the results in Table 3.8. Three findings are worth noting. 

First, the long-run multipiiers of investment rates for the three groups of OECD 

countries are significantly positive (except for the OLS estirnate for the third group), and 

the sizes of the coefficients are compatible with that estimated in the three previous cases. 

Second, there are some indication that the long-run multiplier of the first group 

(Le., the G7 countries) may be larger than those of the other two groups but the evidence 

is not overwhelming. The t-tests for the nuil hypothesis of identical long-run coefficients 

between groups are inconclusive, as show below. 

And third, ailowing the long-nin multipiiers to ciifFer in the estimation only slightly 

irnproves the goodness of fit, as can be seen fiom the F-statistics, which reject only 

marginaily the null hypothesis of common long-nin coefficient. 



Table 3.8 Resdts of pooled regressions for 24 OECD countries, one-sector model, 
1950-1990, Case 4 

OLS SUR 

Standard emor of 
regression 

F-statistics for common 
long- coefficients ' 

O. 124 
(O. 1 19) 

- -- - 

Note: ' The F-test for common-long-run-coefficient uses the OLS regression in Case 
3 as the restricted regression. 

1 dso tested specifications of country-specific intercepts and short-run slope 

coefficients with and without the restriction of common long-run slope coefficient. As 

reported in Table A3.4, results ciiffer little fiom those of the group-specifïc-intercept 

specification, reported in Tables 3.7 and 3.8. 

It can be seen fiom Tables 3 -5-3.8 that in general the SUR estimators give the 
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similar magnitude higher t values for the long-nui coefficients than those given by the OLS 

estimators. These results indicate cross-country heteroscedasticity and correlation in the 

data, as weii as confirming a well-known econometric theorem, i-e., that with cross- 

sectional heteroscedasticity and correlation in the disturbance terms, an OLS estimator 

provides consistent, though inefficient, estirnates of coefficients. Without doubt SUR 

estimators generate better estirnates of the long-run coefficients. 

The estimated long-nin rnultipliers of investment rates reported in Tables 3 -5-3 -8 

are robust to changes in the sample period and in the number of countries included in the 

panel. For example, Table A3.5 shows that the OLS estimators for a panel of 22 OECD 

countries for 1967-1985 give results similar to those reported in Tables 3 -5 and 3.6." 

To implement the time-senes test of the RK model, 1 adopt an new procedure to 

account for the correlation between the independent variables and the disturbance terms 

arising f?om cyclical shocks in the economy. 1 then use two Merent data sets for OECD 

countries to test the model. The main results of the tests are as follows. 

First, individual-country tirne-series regressions for 24 OECD countries, using 

Penn World Table (Mark 5.6) data for 195û-1990, produce evidence supporthg a 

positive long-run effect of the investment rate on the rate of growth. The estimated long- 

's The tests of two-sector endogenous growth models discussed in the following 
chapters are based on this panel. 



nui multiplier of the investment rate is significantly positive in 12 of the 24 OECD 

countries. Although the multiplier has the wrong sign in five countries, in no case is it 

sigruficantly negative. These results cast doubt on a key findiig of Jones (1995) that the 

investment rate had no positive long-run effect on the growth rate in OECD countries in 

1950-1988. The tests of the AK mode1 in this study and those in Jones (1995) difTer in 

both data sources and empiricai procedures, but the diEerence in testing results aise 

prirnarily Eom the differences in empincal testing procedures. 

Second, the time-series tests using the Maddison data set on growth and 

investment rates during 1870-1 987 for six main OECD countries reveai that the 

investment rate has a significantly positive long-run effect on the growth rate in four of 

these s u  countries. This finding greatly strengthens the results of individual-country time- 

series regressions. 

Third, tests using pooled-the-series data for 24 OECD countries from 1950 to 

1990 produce further evidence for the positive long-mn linkage between the rates of 

investment and growth. Estimates of the long-run effect based on both OLS and SUR 

estirnators are significantiy positive in all four cases, which range from the simple pooled- 

time-senes specification to the variable-intercept and variable-coefficient specifications. 

The variable-long-run-coefficients case also reveals that the long-nin effects of investment 

rate are positive in each of the three groups of OECD countries at different levels of 

technological and economic development, and the effects seem to be similar among these 

groups. 



TWO-SECTOR ENDOGENOUS GROWTH MODELS 

4.1. Introduction 

In Chapters 2 and 3, 1 establish that, contrary to Jones' (1995) findings, significant 

evidence supports the one-sector AK model. Tirnaseries and panel-data evidence fkom 

OECD countries is consistent with the empirical implications of the model. 

Yet, ail is not right for the AK model. There is considerable scepticism about the 

model. This is partly because the model employs a simple linear production hnction, with 

no non-reproducible factors and therefore no diminishllig r e m  to capital accumulation. 

Also the model has a simple one-sector structure. Although the model interprets capital in 

a broad sense as including physical and human capitals, it treats the physical and human 

capitals equally, assuming that the one-sector technology applies to the production of both 

physical and human capitals. Moreover, as a consequence of the one-sector structure and 

non-diminishing retums, the model lacks transitional dynamics: no matter where it begins, 

the economy irnmediately exhibits the steady state; any shock to the economy v d  instantiy 

push it to a new steady state. The mode1 allows no transitional path between different 



st eady States. 

Because of these fatures, the AK model implies that the ratio of physical to human 

capital is constant over tirne, Le., o = al(1- a). The model is unable to accommodate 

any change in the ratio of the two types of capital as the economy evolves. This is 

inconsistent with the observed upward trends in the ratio of physical to human capital in 

OECD economies. As s h o w  in Figure 4.1, this ratio steadily increased in the G7 

countries during 1965- 1987. One plausible explanation for this is that these economies 

Figure 4.1. The ratio of physical to human capital 
in the G7 countries, 19654 987 

o ~ ~ ~ ~ ~ ~ ~ ~ , ~  I I I I I I ~ I I I I  

66 68 70 72 74 76 78 80 82 84 86 
Y ear 

Source: Physical-capial-stock data are fiom PWT5.6; human-capital-stodc data 
are &om Nehru et al. (1995). 
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are not in their steady state but in a transition period." Ignoring the dynamic behaviour of 

the ratio of physical to human capital may seriously undemiine the accuracy of the 

estimated long-run effect of the investment rate on the growth rate. This is possible for 

two reasons. First, if the ratio of physical to human capital changes over time, then it may 

have an independent effect on the growth rate. Thus, failing to include the ratio in the 

regression model rnay lead to an omitted-variable error. Second, in the empincal relation 

denved from the AK model, the ratio of the two capitals is a determinant of the coefficient 

that represents the effect of the investment rate on the growth rate." Consequently, if the 

ratio is not constant, then neither is the coefficient. The assumption that the coefficient is 

constant biases the result. 

Extending the tests of endogenous growth hypothesis beyond the AK mode1 this 

chapter derives an hypothesis nom two-sector extensions of the AK modei, narnely, the 

Lucas (1988) model and its  variant^.^' 1 start with a basic version of the model, in which 

physical capital plays no role in the production h c t i o n  of human capital. Then 1 rnove on 

to the mode1 with extemdities associated with hurnan capital. In the end, 1 discuss the 

generalized version of the model developed by Rebelo (199 1), which brings physical 

capital into the production bct ions  in both sectors. Detailed treatments of these models 

'6 Alternative explanations for the increase in the ratio and measures of human 
capital stocks are discussed in details in Chapter 5 .  

47 See equation (2.6), in Chapter 2. 

48 Because the model in Lucas (1988) is based on that in Uzawa (1965), it is 
sometime also referred to as the Uzawa-Lucas model. See Barro and Sala-i-Martin 
(1 9 9 9 ,  for exarnple. 
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can also be found in Mulligan and Sala-i-Martin (1993), Barro and Sala-i-Martin (1995) 

and Faig (1995). 

4.2. The Basic Lucas Mode1 

The basic Lucas model has two sectors: final-goods and human-capital production 

(or education). Following Barro and Sala-i-Martin (1999, I spece the model as 

where p is the rate of time preference; 0 is the inverse of the intertemporal elasticity of 

substitution; c, is the per capita consumption; y, is per capita output of find-goods; kt and 

ht are per capita physicai- and human-capital stocks; ut is the fiaction of hurnan-capital 

stock used in final-goods production; 6 is the cornmon depreciation rate of physical- and 
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human-capital stocks;" and A and B are positive constants representing the levels of 

technology in the two sectors ( Le., A determines the productivity level in the final-goods 

sector, and B determines the rate of retums in human-capitai accumulation). 

Output can be used on a one-for-one bais for consumption or for investment in 

physical capital but not for investment in human capital. In Lucas (1988), an individuai's 

human-capital stock is simply his or her skills level, so that a worker with one unit of 

human capital is a productive equivalent of two workers each with one-halfunit of human 

capital. In other words, human capital and labour are perfect substitutes. The production 

of human capital is assumed to use human capital only. Because B is constant, there are 

no diminishing rehims to human-capital accumulation; i.e., the rate of hcrease in human- 

capital stock is proportional to the effort devoted to the human-capital accumulation, no 

matter what level of human-capital stock has already been attained. 

In equations (4.1)-(4.4), parameters p and B represent the consumers' taste, or 

preference, whereas A. B, a and 6 specq the technology in the economy. The mode1 has 

two control variables: consumption, c, and the proportion of human capital devoted to 

final-goods production, u, The representative consumer has to make two decisions: a 

choice between current and h r e  consumption, and an allocation of tirne between final- 

goods production and human-capital accumulation, such as schooling. 

The broad output of the economy, which is the surn of total gross output fiom the 

two sectors, can be defined as 

Without losing generality, I assume that the physical and human capital have the 
same depreciation rate to simpl@ the notation. Likewise, the rate of population growth is 
assumed to be zero. 



where z, is per capita broad output, p and v are the shadow prices of the f ia l  goods and 

human capital, respectively. 

4.2.1. The steady-state solution 

The steady state (or balanced growth path) is dehed  as a state in which a i l  

variables grow at a constant (possibly zero) rate and in which they have no inherent 

tendency to divert fiom this state. In the steady state of the basic Lucas model, the 

physical- and human-capital stocks grow at the same constant rate. Therefore, it is 

convenient, as weil as conventional, to analyze the model in terms of variables that remain 

constant in the steady state. Recalling that o, is the ratio of physical to human capital 

(i-e., o, - kfhJ ,  and defining the investment rate, i, as the fiaction of final goods not 

consurned (Le., if -- 1 - c, SJ, then, as I show in the Appendix 1 (A), the steady-state 

solutions of the basic Lucas model cm be expressed as the foiiowing equations for 

variables 0, u, and i,: 



where g> is a combined parameter, defined as (p [p + 6(1 -s)]BB. In the steady-state, 

the growth rate of the economy satisfies the usual optimality condition: 

I 
8' = - ( B -  b - p), 

8 

where B is the marguia produa of physical capital; and B - d is the net marginal 

product. Because in the steady state, the values of u, and i, are constant, c, y, k, h, and z, 

aii grow at the same rate, as given by equation (4.9). 

Equation (4.9) appears very similar to the equation giving the optimal condition 

for the steady-state growth rate in a standard neoclassical growth modeL5" What 

differentiates the basic Lucas two-sector endogenous growth model corn the textbook- 

style neoclassical growth model is the mechanisms that determine the marginal product of 

physical capital. Physical capital and labour are the two inputs in the neoclassical growth 

model, but oniy physical capital can be accumulated endogenously. Therefore, if no 

exogenous technological progress occurs, then, as a result of diminishing r e m s  to capital 

accumulation, the net marginal product of physical capital d eventualiy fall to the level 

so See Blanchard and Fischer (1 989, chapter 2)  and Barro and Sala-i-Martin (1995, 
chapter 2) for examples of standard treatments of the neoclassical growth model. 
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of the subjective discount rate p and hence the growth rate eventually f d s  to zero. The 

basic Lucas two-sector endogenous growth modei has only two essential input factors, 

physical and human capitals, and both of them can be acc~rnulated.~~ In addition, the 

model has constant retunis to the accumulation of human capital. Therefore, the 

unbounded increase in hurnan capital induces unlimiteci physical-capital accumulation and 

hence long-run growth in per capita output. Indeed, the real r e m s  to physical-capital 

accumulation depend on the returns to human capital. If the technological parameter in 

the human capital sector is SufEciently large, i.e., B > 6 + p, then the steady-state rate of 

growth is positive. 

The steady-state solutions to the basic Lucas model (i. e., equations [4.6]-[4.9]) 

express the growth and invesûnent rates and the ratio of physical to human capital in terms 

of technological and taste parameters. As 1 show in the Appendix 1 (A), these solutions 

imply that the steady-state rate of growth can be expressed as a simple linear funaion of 

the investment rate: 

Because B/a > O, the higher the steady-state investment rate, the higher is the steady- 

state rate of growth. This relation is almost identical to that implied by the one-sector AK 

model, as both imply that if ail the technological parameters are held constant, then the 

growth rate depends only on the investment rate but not on the ratio of capitals or any 

In the Lucas (1988) modei, labour is not an essential input factor because labour 
and human capital are assumed to be perfect substitutes. 
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other variable. This point has not been well recognized in the growth literature, it thus 

deserves M e r  elaboration. 

It is true that the basic Lucas model allows two ciifferent types of capital to 

accumulate in two different sectors, but because physical capital is used exclusively in the 

final-goods production sector, the rate of physical-capital investment ultimately determines 

the growth rate in the steady state; the ratio of the two capitals is not an independent 

factor in determinhg the steady-state rate of growth. In fact, a linear association between 

the ratio of physical to hurnan capital and the investment rate can be expressed as follows: 

Equation (4.11) implies that ifd the technological parameters are constant, then any 

change in the investment rate (which cm arise fiom changes in the taste pararneters) wili 

lead to a proportional change in the ratio of physical to human capital. 

4.2.2. The transitional behaviour of growth and investment rates 

The steady state of a model is an equiiibrium to which the model converges in the 

long-run, and the transitional dynamics give the converging processes. In other words, the 

transitionai dynamics of a variable are the time paths dong which the variable converges 

fiom an initiai value to its steady-state value, or moves nom one steady state to another. 

The dynamic behaviour of variables in the Lucas model has b e n  analyzed in the recent 

growth literature. Through numencal simulations, with a wide range of plausible 
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parameters, Muiiigan and Sala-i-Martin (1 993) showed that if an economy has an initial 

imbdance in the ratio of physical to human capital, o, then, in the transition, the growth 

rate of broad output z, tends to decline monotonicdy with op The relationship between 

the growth rate of the broad output and the ratio of capitals during the transition period is 

shown in Figure 4.2. 

Figure 4.2 The transitional dynamics of growth rate 

The curve g, = f (oJ represents the relationship between g, and o, with dl other 

variables and parameters held constant during the transition period. If an economy starts 

with o, < a', then in the transition period, o, wiii increase toward o: while the growth 

rate g, WU decline toward g*. If the economy aarts with o, > o: then o, wiIl decrease 

toward o*, whiie g, WU rise toward go. 

The foilowing transitional relationship between g, and o, can be derived by taking 

a fht-order hear approximation in the neighbourhood of the steady state for the finction 

gt = f (4: 



where R is the slope (which tends to be negative) of the cuve in the neighbourhood of the 

steady state. 

Equation (4.12) clearly shows that o, plays an important role in determinhg the 

rate of growth in a transition period. In fact, the growth rate during the transition, 

according to this equation, depends on three factors: (1) the steady-state rate of growth, 

g'; (2) the extent to which the economy deviates fiom the steady aate, i.e. o, - me; and 

(3) the responsiveness of the growth rate to the deviation of o, from o., i.e., the slope of 

the curve in the neighbourhood of the steady state, A. 

Similady, the transitional behaviour of the investment rate can be characterized by 

the foliowing linear approximation: 

where E can be either positive, zero or negative, depending on the combination of 

parameter values. s2 

The steady state and the transitional dynamics of the model imply a relation among 

the growth rate, the investment rate and the ratio of physical to human capital. One can 

derive this relation by substituthg g' and i'from equations (4.9) and (4.13) into equation 

(4.12): 

See a detailed discussion on the transitionai behaviour of investment rate in the 
basic Lucas model in Barro and Sala-i-Martin (1 995, chapter 5). 



Equation (4.14) determines the growth rate in the transition penod, as weil as that 

in the steady state. During the transition period, ut + o., the equation therefore 

describes the transitional relation among the growth rate, the invesmient rate, and the ratio 

of capitals. After the economy reaches the steady state, o, = o., the equation (4.14) 

collapses into equation (4.9), it hence describes only the long-run relationship between the 

growth rate and the investment rate. That is why in the steady state of the basic Lucas 

model, o, has no impact on the growth rate. 

Equation (4.14) shows that the investment rate has a positive effect on the growth 

rate. The sign of the coefficient for tat during the transition period is generally ambiguous. 

When 6 is nega t i~e ,~  the sign of the effect of ut depends on the relative sire of A, & B 

and a. But the ambiguity of the sign of the effect of or on g: during the transition period 

is not of a particular concern, since Our focus is on the long-run effect of on which, 

according to equation (4. IO), is equal to zero. Equation (4.14) has the advantage of 

taking into account the transitional dynamics of the model and s p e c w g  the role or plays 

in determinhg the growth rate. Thus, it provides a basis for time-series tests of the Lucas 

two-sector model of endogenous growth. 

a According to Barro and Sala-i-Martin (1995, chapter S), this is the most 
probable case. 



4.3. The Lucas Externality Mode1 

In the Lucas (1 988) model, human-capital accumulation has extemalities in the 

production of h a 1  goods. The model Mers  from the basic version, descnbed in the 

preceding seaion, only in the production fiinction of final goods, which is given by 

where h, is the average level of human capital in the economy at tirne < and hay captures 

the effects of hurnan capital on the productivity of physical capital. Because each 

individual's decision on human-capital allocation can have no appreciable effect on hm the 

effect of h, on the productivity is extemai; therefore, individuais take no account of the 

effea in deciding how to allocate human capital between the two sectors. But in the 

equilibrium, h, = h,. Y Therefore, I make no distinction between h, and h, hereafter. The 

parameter y can be thought of as an index of the extemalities. 

As shown in the Appendix 1 (B), with the extemai effect of the average level of 

hurnan capital, the per capita consumption, physicai-capital stock, and output still grow at 

a common constant rate in the steady state. But human-capital stock grows at a lower 

rate than physical-capital stock and other variables, because individuals fail to take into 

account the extemai benefit of human-capital accumulation in allocating their time 

between final-goods production and schooling. Therefore, unlike the basic Lucas model, 

the Lucas externality model does not rnake the ratio of physical to human capital constant 

" See Lucas (1988, p. 20). 
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in the steady state. Instead, in the latter modei, the steady-date value of o, is determined 

by the following equation: 

whereb--B[i+ y / ( l  -a)]+ ydand bP = [ 6 ( 1 - B +  y ) + p l / B 8 .  Inthesteady 

state, di technologicd and taste parameters are constant, but the average level of human 

capital is generaily not. If the average level of human capital increases at a rate of B (1 - 

u), then o, will increase as weli, with the rate of increase equal to 

B (1 - u) y / ( . .  - a). 

Although according to equation (4.16), o, is not stationary in the long rm, a 

properly re-defined ratio of the two capitals, adjusted for the extemalities of human 

capital, will be stationary. The adjustment implied by equation (4.16) is given by 

where 0, is the adjusted ratio of physical to human capital. Because the index of 

extemaiities, y, and the share of physical capital, a, are both unobsenred, 1 construct 

various senes of R, with a wide range of plausible values for the parameters y and a in the 

empiricd estimation below. 

The presence of externalities, however, in no way alters the relation of the long- 

run growth rate to the investment rate and the ratio of physical to human capital. As 
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show in Appendix 1 (B), in the Lucas extemality model, the steady-state rate of growth is 

aiso a linear function of the investment rate, and it is independent of Q in the long-nin, 

Except for the exîemaiities of human capital, the dynamics of the Lucas extemality 

model are sirnilar to those of the basic Lucas model. In particular, plays a role in the 

transition penod similar to the role o, plays in the mode1 without extemalities. Therefore, 

if one replaces o, with R, in equation (4.14). the equation applies equaliy well to the 

Lucas ext emality model. 

4.4. The Generalized Lucas Two-Sector Mode1 

Both the basic Lucas mode1 and the Lucas extemality model are speciai cases of 

two-sector endogenous growth models. One cornmon but unappeahg feature of these 

two models is that the human-capital sector uses no physical capital as a productive input. 

Rebelo (199 1) extended the Lucas model to make human-capital formation employ both 

types of capital." Rebelo's generaiization of the Lucas two-sector model has the same 

preference as described by equation (4. l), but the production functions for the two sectors 

take the Cobb-Douglas form: 

" But Rebelo (1 99 1) kept the assumption that huma. capital has no extemal 
effect . 



where v, is the &action of physical capital used in the production of £inal goods; and q is 

the share of physicai capital in the human-capital sector. 

The steady-state rate of growth can be solved for this model, and it can be shown 

that the investment rate and the ratio of physical to human capital are constant in the 

steady state. But the relation of the growth rate to the investment rate and the ratio of the 

two capitals is more complex than that in either the basic Lucas model or the Lucas 

externality model. It is impossible to express the growth rate as a linear function of the 

investrnent rate alone. Although the positive linkage between the investment and growth 

rates continues to hold in the generalized model, the model rnay also imply a non-zero, 

more likely a negative, long-run effect of the ratio of physical to human capital on the rate 

of growth. For example, under some more restricted assumptions, Rebelo (199 1) 

expressed the growth rate as a nonlinear fimction of the investment rate and or In that 

funaion, the effect of the investment rate on the growth rate is positive in the steady-state, 

and the effect of of is negative. The main explanation for this result is that only a fiaction 

of physical capital is used in the production of finai goods in the generalized two-sector 

model, and the fiaction of physical capital allocated to the production of final goods 

depends on the ratio of physical to human capital. 



4.5. Summary 

This chapter examines three variants of the Lucas two-sector endogenous growth 

model, derives testable relations among the growth rate, investment rate, and the ratio of 

physical to human capital, and produces four kdings. First, the long-run relation between 

the growth and investment rates implied by the basic Lucas two-sector model is identical 

to that irnplied by the one-sector AK model: both models hp ly  that the steady-state rate 

of growth is a positive linear hction of the investment rate. Second, in contrast to the 

AK model, the basic Lucas two-sector model implies that the ratio of physical to human 

capital may Vary during transition period and that the ratio plays an important role in the 

transitional dynamics of the model. Third, the Lucas externality model suggests that the 

ratio of the two capitals may increase even in the long mn, but after the extemakies of 

human capital are appropriately accounted for, the same relation among growth and 

investment rates and the ratio of physical to human capital as that implied by the basic 

Lucas model holds. And last, the generalized Lucas two-sector model, such as that of 

Rebelo (1991), continues to imply that the investment and growth rates are positively 

linked, but the model may also imply that the ratio of capitals has a negative long-run 

effect on the rate of growth. 

Because the steady-state implications and the transitional dynamics of the 

generalized Lucas two-sector model have not been completely worked out, in Chapter 5 1 

base the empiricai tests of the two-sector models prirnarily on the empincal relation 

denved fiom the basic version of the modei, Le., equation (4.14), and that fiom the Lucas 
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extemality model. But 1 also consider some less restricted specifications to reflect the 

spirit of the generalized two-sector modei, for instance, by allowing the long-mn effect of 

the ratio of physical to human capital to dser fiorn zero. 



CHAPTER 5 

THE EMPIRICAL EVIDENCE FOR TWO-SECTOR MODELS 

5.1. Introduction 

From the empirical viewpoint, the one- and two-sector models of endogenous 

growth differ mainly in the behaviour of the ratio of physical to human capital. This ratio 

is constant in the one-sector AK model but varies in two-sector rnodels. 

As show in Figure 4.1, the ratios of physicai to human capital for the G7 

countries rose very rapidly during 1965-1987. Indeed, these ratios have been increasing 

in aIi OECD countries since 1960.~ Three possible explanations can be given for the 

persistent and sharp increases in the measured ratios of physical to human capital. First, 

the economies rnay be in their transition periods. According to the basic Lucas model, the 

ratio of physical to human capital may either increase or decrease during the transition 

penod, depending on the direction fkom which the economy approaches its steady state. 

Second, as suggested in the Lucas externality model, human-capital accumulation rnay 

" This is tme if total years of education is used as a meanire of human capital. 
See Table A2.4, in the Appendk II. 
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have ex ted t i e s  causing physical-capital aock to grow faster than human-capital stock, 

even in the steady state. Third, rneasurement errors may occur for human capital, 

resuiting in an underestimation of the increase in human capital and therefore an 

overstatement of the increase in the ratio of physical to human capital. 

The empirical strategies I adopt in this chapter take account of these îhree possible 

explanations. The first explanation underlies the emphasis on the analysis of transitional 

dynamics, using tirnesenes techniques and including the ratio of capitals in the regression 

model to capture the transitional effects. The second explanation leads to the exploration 

of the possible impacts of the externalities of human capital on the estimation of the long- 

run multipliers in the growth regression. The third explanation motivates the use of 

alternative proies for human capital. 

5.2. The Empirical Procedure for Estimating Two-Sector Models 

Equation (4.14) irnplies that both the investment rate and the ratio of physical to 

human capital are determinants of the rate of growth. In this two-sector model, deviations 

of variables fiom their steady-state values can arise not only 5om cyclical fluctuations but 

also ôom transitional dynamics. To distinguish the long-run effect fiom the cyclical and 

transitional effects, I use a naturd extension of the procedure 1 developed for the tirne- 

senes test of the one-sector AK model. The technical details of the extended procedure 

are given below. 

First, consider a single-tirne-senes regression model. As in the one-sector AK 
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model I use a distributed lag model to capture the dynamic nature of the relation among 

the growth and investment rates and the ratio of the two capitals. The model cm be 

expressed as 

where x,, and x, now denote the investment rate and the ratio of capitals, respecîively; and 

BI(&) and B2(L) are two polynomials of order p in lag operator L. 

In a two-sector model with transitional dynamics, the error term c, in equation 

(5.1) reflects both the transitional and the cyclical effects in the economy. Since these 

effects also cause the observed values of the investment rate and the ratio of capitals to 

deviate from their steady-state values, it is highly possible that et is correlated with x,, and 

x, and their lags. 

Defining v, as the residual from a linear projection of e, on the curent values of 

both x,, and x, and their lads  and lags, one can get 

where C,/L) and C2@. are two lag polynornials of order 2 x q, sirnilar to that expressed in 

equation (3.7). 

In generai, the length of the lead may ciiffer from that of the lag, and the length 
of the lead and Iag of the two variables may ciiffer as weil. But such ciifferences are 
unessential in this model because q can be chosen to denote the maximum length of the 
lead and lag of the two variables. 
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Because the short-nui fluctuations and the transitional dynamics in the model 

affect ail three variables g, x,, and x2D the polynomials CI@.) and C2@) may contain some 

non-zero coefficients. By construction, the error t e m  v, is uncorrelated with x,, and x,, 

and their lads  and lags. 

The transitionai and cyclical effects cause the dependent and independent variables 

to deviate fiom their steady-state values temporally but not permanentiy, therefore, 

equation (5.2) represents only a short-run relation. Thus, the long-run multipliers C,(. 

and C,(I) are both equal to zero, and equation (5.2) can be re-written as 

et = C,(l) x,, + C,'(L) A xlW + C,(l)x, + C&) AxWq t v, 

= C,'(t) A xICq + C&) A xaI + vt. 

Re-writing equation (5.1) to isolate the long-run effect of x,, and x,, substituting 

for E, h m  equation (5.3) in equation (5.1 ), and rearranging it, one gets 

where Djt(Z) = C,'O for p > O (i-e., for l ads  of Ax, ); Djf(Z) = B,'(Z) + C,'(Z) forp s O 

(i-e., for the current and lagged values of AxJ; and j = 1, 2. Since v, is by construction 

uncorrelated with x ,  and x,, an OLS regession of equation (5.4) yields consistent 

estimates of the long-nui multipliers of the investment rate and the ratio of physicai to 

human capital. 

Each version of the two-sector model considered in Chapter 4 implies that the 

investment rate exerts a positive long-run effect on the growth rate, Le., B,(I) > 0. 
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However, these versions differ in their prediction of the long-run effect of the ratio of 

physical to human capital. The basic Lucas model and Lucas externaiity model suggest 

that the ratio affects the growih rate only during the transition period, but not in the steady 

state, Le., B,(i) = 0. But the generalized version of the rnodel implies that the ratio may 

aiso have a negative long-run effect on the growth rate, i-e., BJi) < O. Therefore, 1 

estimate equation (5.4) both with and without the restriction of BJi) = 0. 

Because the avaiiable annual time senes for the ratio of physical to human capital 

is much shorter than those of growth and investment rates, it is impossible to estimate 

(5.4) for individual countries. Thus, I estimate the model using pooled tirne-senes data for 

OECD courmies. To this end, 1 re-write equation (5.4) as a pooled-the-senes regression 

model: 

where the superscript z identifies an individual country or a group of countries in the panel 

of OECD countries. 

5.3. Problems in Human-Capital Measurement 

Economists have used various measures of human capital in recent ernpincal 

economic growth shidies. These measures include addt literacy rates (Romer 1 989), 

secondary-school-enrollment rates (Barro 199 1 ; Mankiw et ai. l992), output of the 

education sector (Jorgenson and Fraurneni 1992), educational anainment (Barro and Lee 
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1996), the stock of education (Nehru et ai. 1995)' Achievement Test Scores (Lee and Lee 

1996), labour-income-based human-capital indices (Mulligan and Sala-i-Martin 1995b), 

and education-based human-capital indices (Mulligan and Sala-i-Martin 1995a; 

Dinopoulos and Thompson 1997% b). Of these measures, the educationd attainment of 

Barro and Lee's (1 996) study and the stock of education constmcted by Nehni et al. 

(1995) are by far the moa comprehensive and widely used." They are both measured by 

the average number of schooling years of the working-age population. However, a 

Limitation of using years of schooling as proxy for human capitai is that it may 

inadequately represent human-capital stock because human capital is a much broader 

concept than years of schooling; for example, human capital may depend on factors such 

as on-the-job training, experience, health and physical strength, in addition to years of 

formal schooling." 

To see the range of variation in the existing estimates of human capital, 1 compare 

the estimates of human capital for the United States during 196û-1990 from four recent 

major studies, i.e., Muiligan and Sala-i-Martin (1 995% b), Nehru et al. (1 995), and Barro 

and Lee (1 996). These estimates are either education-based or labour-income-based. As 

shown in Table 5.1, the results of this cornparison are surprising: the estimated average 

annual growth rate of human-capital stock in the United States during 1960-1 990 varied 

&om as low as 0.29% (mea~uced by the total years of education constmcted by Nehru et 

a l h  [1995]) to as high as 2.36% (measured by the labour-income-based human-capital 

- - . - - - - - 

" See Pritchett (1996), for exarnple. 

59 See Behrman and Rosenzeig (1994) and Mulligan and Sala-i-Martin (1995a). 



indices of Muiligan and Sala-i-Martin's 11995 b] study). 

Table 5.1 Alternative human-capital meanires for the United States, 1960-1 990 

Levels of human capital 
per worker Average 

annual growth 
Human-capit al measures 1960 1990 rate (%) 

(1) Nehru et al. (1995): total years of 10.73 11 -62 0.29 
education per worker ' 
(2) Mulligan and Sala-i-Martin (1 99 Sa): 
education-based human-capitai index 

(3) Muiligan and Sala-i-Martin (1 995a): years 10.59 13.14 0.72 
of schooling per worker 

(4) Barro and Lee (1 996): total education 8.66 12.00 1 .O9 
attainment per worker 

(5) Barro and Lee (1996): secondary and 3 -40 6.22 2.01 
higher education attainment per worker 

(6) Nehru et al. (1995): years of secondary 2.42 4.43 2.24 
and higher education years per worker ' 
(7) Mulligan and Sala-i-Martin (1 995 b): 39.88 80.88 2.36 
Labour-income-based human-capital index 

Note: 'Average over 1960-1987. 

The tests of the two-sector mode1 require annual tirne-senes data on human-capital 

stock. To take account of the wide merences in the estimates of human capital, it would 

be ideal to use more than one measure of human capital in the test. Unfortunately, only 

one data set, that of Nehru et al. (1995), provides annual tirne-senes data for most OECD 

countries. The other types of proies for human capital are available either oniy for 

individual countries (e.g., MuiIigan and Sala-i-Martin [ 1 995% b] human-capital indices for 



the United States), or for every five years (e-g., Barro and Lee's [ 19961 data on 

educational attainment). Because constmaing a new human-capital the-series for all 

OECD countries would be an enormous undertaking, clearly beyond the scope of this 

study, 1 use only the human-capital measures from the Nehru et al. (1995) data set. 

N e h  et d.'s data on education stocks (Le., the average number of schooling 

years of working-age population) are available at three levels: prirnary, secondas, and 

higher education. Using these data, 1 constnict two proxies for human-capital stocks for 

OECD countries. One is the total years of education, which is the surnrnation of all three 

levels; the other is the years of secondary and higher education, excludiig primary 

education. Although the total years of schooling seems to be an appealing indicator of 

human-capital stock, 1 also consider the years of secondary and higher education as an 

alternative indicator of human captal. 1 do this for the following reasons. Fust, in the 

developed economies, primary education done arguably does not create highly marketable 

hurnan ~ a p i t a l ; ~  thus, years of secondary and higher education are a more appropnate 

proxy for human capital than total years of education. Second, this alternative indicator 

relates more closely to secondary-education indicators fiequently used in the recent 

empirical growth literature, such as the enroliment rate in secondary sch~ols.~'  Third, 

deficiencies appear in the estimates of years of primary education in Nehru el d.'s (1995) 

For example, human capital is often thougbt of as  an augmentation of raw labour 
or as an asset that ailows a worker to earn more than the minimum wage. In the 
developed countries, a worker with only primary education seems to have little chance to 
make more than a minimum wage. 

See Barro (1991) and Mankiw et al. (1992) for examples. 
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data set. For example, contrary to the findings of other similar studies, including Barro 

and Lee's (1996) study, N e h  el al.'s estimates of years of primary education show that 

the average number of years of primary eduction deciined in the OECD countries at an 

implausible average rate of O. 5% annuaily during 1 960-1987.4 

The growth rate of the human-capital stock indicated by years of secondary and 

higher education is generaiiy much higher than that indicated by total years of education. 

For instance, as shown in Table 5.1, in the United States, the total years of education 

provide the lowest estimate of the human-capital growth rate among the seven indicators 

examined, whereas the years of secondary and higher education result in the second- 

highest estimate of the human-capital growth rate. Therefore, using both indicators gives 

an idea of the sensitivity of the estimates to different measures of human capital. In the 

following tests, human-capital Indicator I (or the first indicator) is the total years of 

education, and Indicator II (or the second indicator) is the years of secondary and higher 

education. Table A2.4, in Appendix II, gives the average annual growth rates of human- 

capital stock measured by these two indicators, as weii as the average annuai growth rates 

of the ratios of physical to human capital for OECD countries. 

5.4. PaneEData Tests of Two-Sector Models 

To estimate equation (5.5) using the panel of 22 OECD countries during 

" See Nehru et al. (1995, table 1, p. 390). 
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1965-1987," 1 consider four cases, similar to those examllied in the estimation of the 

one-sectot model in Section 3 -4: 

AU the intercepts and the long- and short-nin slope coefficients are the 

same across countries, Le., d = a, B:(l) = B,(I) and DjL(Z) = D,'(L), 

j =  1,2; 

Intercepts and long-run slope coefficients are the same, but short-run dope 

coefficients differ, Le., d = a, B;(I) = BLi) and D,"(LI # Dj'(Z); 

Long-run slope coefficients are the same, but intercepts and short-run dope 

coefficients Mer,  Le., a' * a, Bi(]) = BJ(l) and D,*O # Djt@) ; and 

Intercepts, as weli as long- and short-run slope coefficients differ, i.e., 

d * a, B;(I) * B,(i) and D,* a) # DJf(Z). 

For each of these four cases, 1 examine the specifications both with and without 

the restriction that the long-mn effect of the ratio of physical to human capital on growth 

is zero and use both human-capital Indicators 1 and XI to estimate the specifications. 

In the results reported in this chapter, 1 use the procedure described in Hamilton 

(1994) to correct the autocorrelation in the disturbance te-" which is simpler than the 

In the pooled regressions of the one-sector model, 1 used panel data fiom 24 
OECD countries during 195S1990. But in the test of two-sector models, I have to drop 
Luxembourg and New Zealand £tom the panel because of the lack of the annual education- 
stock data for these countries in the data set of Nehru et ai. (1 995). Data on physicd- and 
human-capital stocks are needed in tests of the two-sector, but not one-sector, models. 
Because in PWT5.6 the physical-capital-stock data are available only fiom 1965, and the 
educatiokstock data are unavailable after 1987, the sample penod in the tests of the two- 
sector models was reduced to 1965-1 987. 

" See Hamilton (1994, pp. 508-512) for a description and examples of this 
procedure. 



82 

one proposai by Newey-West (1987)." Also, 1 report the results of only OLS, but not 

SUR estimators, in this chapter." 

Case 1: d =a, B/(l)=B&l) and D j 8 0  =DIr@) 

This case assumes the equality of intercepts and slope coefficients in al1 22 

countries in the sample. The OLS results of this basic pooled-the-series regression are 

reported in Table 5.2. Two main points are especially noteworthy. First, the long-run 

effect of the investrnent rate on the growth rate has the predicted positive sign and it is 

highiy signincant in the specifications both with and without the restriction on the long-run 

effect of the ratio of physicai to human capital. This evidence supports endogenous 

growth models. Second, the estimated long-run multipliers of investrnent rates appear 

robust to the change in the indicator of human capital. This is evident corn the fact that 

the estimates of B,( l )  remah positive and highiy sigiilficant and their magnitudes Vary 

with the human-capital measmement within only a smail range. 

AU the regressions in Table 5.2 include four lads and lags of the first-difference 

terms of the independent variables. To explore the impacts of the change in the number of 

leads and lags on the estimated long-run multipliers of the investment rate and the ratio of 

physical to human capital, 1 allowed the nurnber of lads  of the first-ciifference t e m  to 

In fact, the two procedures produce very sunilar t-statistics for the coefficients. 
For example, the Newey-West t-statistics for Case 1, which are reported in Table A3.6, 
are very close to the t-statistics shown in Table 5.2. 

" This is mainly because that, as is shown in Chapter 3, both OLS and SUR are 
consistent estimators, and that the estimates of the long-run effects based on SUR are very 
similar to those based on OLS. 



Table 5.2 Resdts of pooled regressions for 22 OECD countries, two-seaor model, 
1965-1987, Case 1 

- 

Indicator 1 Indicator II 

Unrestricted Restricted Unrestricted Restricted 

Adjusted 0.51 1 0.45 1 

Standard error of 2.184 2.3 14 
regression 

F-test for the effect 6.852"' 2.9 19"' 4.978"' 5.547"' 
of oc 

Notes: a AU the t-statistics reported in this and other tables in this chapter are corrected 
for autocorrelation using the procedure described in Hamilton (1 994). 

Here and throughout the paper, the long-nui effect of the ratio of physical to 
human capital is scaled up by a factor of 10'. 
The F-tests in the unrestricted version of the rnodel are tests of the joint 

hypothesis of B2(1) = O and da= 0, for k = -4, . . . ,4;  but in the restricted 
version, B2(1) is already restricted to O, so the F-tests are tests of d,= O for k = 
-4, ..., 4. 

Vary from two to four, and the number of lags to Vary fiom four to eight. The regression 

results are reported in Tables A3 -7 and A3.8. The increase in the number of leads and lags 

has only a moderate impact on the goodness of fit of the regressions. For example, the 
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values of adjusted R' and the standard error of regressions indicate that the specifications 

with a larger number of leads and lags of the fïrstdinerence t e m  of the investment rate 

provide slightly better fit than those with smaller nurnbers of lads  and lags, whereas the 

Schwarz Bayesian information criterion suggests the ~ ~ p o s i t e . ~  One important finding 

emerging from Tables A3.7 and A3.8 is that the changes in the number of leads and lags in 

the rnodel make very Little ciifference to the estimated long-nui mdtipliers in terms of the 

sign, magnitude and the levels of significance. 

Case 2: d = a, B f l )  = BLl) and Djd(L) # Djr(L) 

As discussed before, OECD countries are arguably heterogenous. In particular, 

the short-run coefficients tend to ciiffer across countries. The regression results of the 

specifications of country-specific-short-run coefficients are reported in Table 5.3. The 

estimated long-run multipliers of investment rate are significantly positive and relatively 

stable throughout the changes in the restriction on the long-run effect of the ratio of 

physicai to hurnan capitai and in the human-capital indicators. The values of adjusted R2 

and the standard errors of regressions indicate that allowing the short-nin effects to Vary 

across countries significantly knproves the goodness of fit. This suggests that sizable 

ciifferences occur in the short-run effects of the investment rates and the ratio of physical 

to human capitals on the growth rates arnong OECD countries. The nul1 hypothesis of 

zero short- and long-run effects of the ratio of physical to human capitai was fmdy 

" It has been suggested that adjusted fails to discount the loss of degrees of 
fieedom heavily enough (see, for example Amemiya, 1985, pp. 50-51). Therefore, 1 show 
the Schwarz Bayesian information cntenon as an alternative measure. 
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rejected by the F-tests in ail specifications. This is consistent with the results reported in 

Tables 5 -2. 

Table 5.3 Results of pooled regressions for 22 OECD countries, two-sector model, 
1965-1987, Case 2 

Indicator 1 Xndicator II 

Unrestricted Restricîed Unrestrict cd Restricted 

Adjusted 

Standard error 
of regreuion 

F-test for the 
effects of o 

Notes: ' The numbers of lads and lags of the first-dzerence terms are reduced fkom four 
each in the early tests to two and three, respectively, because country-speci£ic 
short-run coefficients consume a lot of degrees of freedom. 
The F-tests in the unrestncted version of the model are tests of the joint 

hypotheses ofB2(1) = O and d i  = 0, for k =  -3, ..., 2 and i = 1, ..., 22; but in the 
restncted version, BA 1) is already restricted to O, so the F-tests are tests of d2i = 
O,forR=-3, ..., 2 a n d i = l ,  ..., 22. 



Case 3: d 4 Bj'(l) = BJ1) and Djd(?L) # Di'@) 

As in the testing of the one-sector model 1 explore possible ciifferences in intercept 

temu among three groups of OECD countnes at different levels of economic 

developrnent." If one arbitrady make the second group the reference group, then one can 

find the merence in the intercepts among the three groups nom the coefficients of the 

dummy variables for groups 1 and 3. Results of regressions with group-specific intercepts 

and country-specific-short-run-dope coefficients are reported in Table 5.4. The evidence 

for the inter-group dserences in the intercepts is ambiguous. On the one hand, the 

durnmy variable for the third group has a non-zero coefficient in two of the four 

regressions. But the ciifference occurs with no particular pattern; Le., the coefficient of the 

dumrny variable for the third group is sigdcantiy negative in the unrestricted regression 

with Indicator 1 but signxfïcantly positive in the restncted regression with Indicator II. On 

the other hand, in none of the four regressions does the F-test reject the nuli hypothesis of 

no inter-group difference in intercepts. Nonetheless, the important point to note is that 

allowing intercepts to Vary across groups makes little merence to the estimates of the 

long-run coefficients of the investment rate and ratio of physical to human capital. The 

sign and magnitude of the coefficients are very close to those found in the comrnon- 

intercept case (Le., Case 2) reported in Table 5.3. 

a Because of the lack of humamcapital data, Luxembourg is withdrawn fkom the 
second group, and New Zealand is dropped from the third group. 



Table 5.4 Resuits of pooled regressions for 22 OECD counuies, two-sector modei, 
1965-1987, Case 3 

Indicator 1 Indicator II 

Unrestricted Restricted Urnestrict ed Restricted 

a 0.007 - 1.636 0.969 0.905 
(0.007) (- 1.615) (0.904) (0.825) 

DM, - 1.243" -0.228 0.205 0.650" 
(-2.336) (-0.5 12) (O. 5 62) (1.939) 

Adjusted 0.768 O. 760 0.678 0.673 

Standard emor 1.482 1 -505 1.743 1.759 
of regression 

F-test for 2.028 0.624 1.673 2.555 
7p q' 

- - -- 

Notes: ' The F-tests are for the joint hypotheses that the intercepts of the first and third 
groups are not difEerent fiom that of the second group; Le., the coefficients of 
DM, and DM, are both zero. 

Case 4: ai # a, B;(') + Bk.) and Djà(L) # Dj'(L) 

1 examine the potentiai dinerences in the long-nui coefficients among the three 

group of countries in this case. To allow maximum flexibility in the regressions and to 

maintain a close comparability with the sunilar case ewmined in testing the one-sector 

model in Section 3.4,I test the group-specifïc-long-~n-coefficient model on the basis of 



group-specific intercepts and country-specific short-nin coefficients. 

As shown in Table 5.5, the results of tests on the inter-group differences in long- 

run multiplien of the investment rate and the ratio of physical to human capital are 

sensitive to the indicators of human capital used in the regressions. When indicator 1 is 

used, no evidence is found for inter-group diierences in the long-run coefficients, and the 

F-tests do not reject the joint null hypothesis of common long-rua coefficients in either the 

restricted or the unrestricted regression. But when Indicator II is used, the long-run 

multiplier of the investment rate in the third group (i-e., the less advanced econornies) is 

significantiy smailer than that in the reference group. However, this sensitivi~ is not 

found in the estimates of the long-mn effect for the first and second groups; no matter 

which indicator is used, the long-run multipliers of the invernent rates in the reference 

group are significantly positive, and that in the £irst group does not significantly ciiffer 

fiom that in the reference group. 

As noted in the previous chapter, the basic Lucas model and the Lucas extemaiity 

model imply that the ratio of physicd to human capital has only a transitional effect, but 

the generalized Lucas two-sector model suggests that this ratio may have a non-zero long- 

run effect. Under some restrictions, the generalized mode1 implies a negative long-run 

effect of the ratio of physical to human capital on the growth rate. The evidence from 

pooled-tirne-series regressions for 22 OECD countries is consistent with the prediction of 

the generalized model, since the estimated long-nin effect of the ratio is significantly 

negative in seven of the eight unrestncted regressions in the four cases discussed, and ali 

the F-statistics firmly reject the hypothesis that the ratio of physical to human capital 



Table 5.5 Results of pooled regressions for 22 OECD countries, two-sector modei, 
1965-1987, Case 4 

Indicator 1 Indicator II 

Unrestrict ed Restricted Unrestrict ed Restrict ed 

-0.353 
(-0.25 1) 

-0.507 
(-0.202) 

0.284 
(O. 1 13) 

O. 134"' 
(3.02 1) 

0.018 
(O. 156) 

-0.085 
(- 1.064) 

-0.455"' 
(-3.216) 

o. 122 
(0.462) 

O. 186 
(0.4 10) 

O. 762 

1.500 

0.23 1 

- 1.409 
(-0.993) 

1.752 
(O. 797) 

1.509"' 
(5.634) 

0.205"' 
(3 -990) 

-0,182 
(- 1.632) 

-0.058"' 
(-6.127) 

- 0.070"' 
(-4.726) 

0.161" 
(2.226) 

-0.009 
(-0.150) 

0.710 

1.654 

4.529"' 

- 1.628 
(- 1.057) 

0.264 
(O. 13 1) 

1.384"' 
(5.180) 

O. 152"' 
(2.794) 

-0.008 
(-0.097) 

-0.05 1"' 
(- 5.026) 

- 

- 

- 

O. 696 

1.696 

5.850"' 

Notes: ' The F-tests are for the joint hypotheses that the long-run multipliers of 
investment rate and, in the unrestncted cases, the ratio of physicd to human 
capital of the fkst and third groups do not significantiy difEer fiom those of the 
second group. 
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has no effm on the growth rate. However, this evidence rnay not be as conclusive as it 

appears. Two other possible explmations can be given for the non-zero long-nin 

coefficient of the ratio found in the regressions. First, the economies rnay have a long 

transition period and the short time series available rnay not d o w  the empirical procedure 

to completely account for the transitional effect of the ratio, causing the transitional effect 

to show up in the long-run  coefficient^.^^ Second, the possible extemafities associated 

with human capital rnay have impacts on the estimates of the long-run multipliers of the 

ratio of physical to human capital. W1th these externalities, the ratio rnay shift in the long- 

run thus distort the estimates of its long-run multipliers. This issue is discussed below. 

5.5. Estimating the Mode1 with Externaiities of Human Capital 

Externalities of human capital rnay influence the estimates of the long-nui growth 

effect of the investment rate and the ratio of physical to human capital. I explored this 

" This problem rnay occur for two possible reasons. One is that the empincal 
procedure used in the tests does not include long enough leads and lags of the first- 
ciifference tenns of independent variables. For example, in equation (5.3), 1 assume that 
the relation between the disturbance tem and the independent variables holds only in short 
run; so, C l ( l )  and C,(l) are both zero. Ifthe transition period is long, but only a few leads 
and lags of the first-merence terms are included in the regression, then Cl( l )  and (or) 
C2(1) rnay be non-zero, and the non-zero value of C2(1) will lead to a non-zero estirnate of 
B2(1). The other is that the transition period is longer than the sarnple period. To explore 
the first possibility, 1 examineci the sensitivity of the estimated long-nui multipliers to 
changes in number of leads and lags included in the regressions in Case 1. 1 found that the 
estirnated long-run multipliers are very robust to variations in the numbers of leads and 
lags (see Tables A3.7 and A3.8 in Appendix III). However, if the problem arise due to the 
second reason, it will not be solved by adding more leads and lags of the first-ciifference 
terms in the regressions. 



possibiiity by adjusting the meanire of the ratio of physical to human capital to account for 

the externaiities. But because the externalities are unobserved, 1 made the adjustment by 

assuming a plausible range of values for the parameten indicating the extemalities and 

tested the sensitivity of the estimates to the change in the parameter values. 

According to equation (4.17), the adjustrnent of the ratio of physical to human 

capital depends on two key parameters: the share of human capital in the production 

bction, 1 - a (where a is the share of physical capital), and the index of externalities, y. 

In a production fùnction with both physical and human capitals, a is ofken assumed to be 

Iess than or equal to 0.5.~' On the other han& it is reasonable to assume that the index of 

extemalities of human capital are lower than the share of human capital in the production 

fiindon of final goods; Le., y can be assumed to range nom O to 1- a." 

Table 5.6 reports the estimation results of the cornmon-intercept-and-slope- 

coefficient model in which the ratio of the two capitals is adjusted by making y Vary from 

O to 0.5 and assuming that a is equal to 0 . 5 . ~  1 again report the estimation results with 

Barn and Sala-i-Martin (1995, chapter 5) assumed that a equds 0.4-0.5 in their 
benchmark simulation model; Mankiw et ai. (1992) set a equal to 1B. Using a 
neoclassical growth accounting fiarnework, with capital and labour but no human capital, 
Dougherty (1 99 1) estimated that a ranged fiom 0.38 to 0.45 in the G7 countries during 
1960-1990. 

As show in equation (4.19, the totai effects (including extemaiities) of human 
capital on the production of fuial goods is Y, and the extemalities are measured as h? 
If y > 1 - a, then the externalities wouid be implausibly greater than the effects that are 
intemahed in the model. 

1 also applied the same adjustrnent to regressions with variable intercepts and 
variable short-run coefficients; the results Wer  very little from those of the regressions 
with unadjusted ratio of physical to human capitals. 



Table 5.6 The sensitivity of the estimates to the index of extemalities of human capital, 
22 OECD countries, 1965-1 987 ' 

Model: 

W) O. 162"' 
(4.607) 

Ml) -0.564"' 
(-6.248) 

Adjusted l? 0.5 1 1 

Standard error 2.184 
of regression 

BAI) O. 186"' 
(5.157) 

B m  -0.002 
(-0.13 5) 

Adjusted R' 0.485 

Standard error 2.240 
of regression - 

Note: ' a is assumed to be equd to 0.5. 
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two indicators of human capital. Table 5.6 shows that the estimateci long-mn mdtipliers 

of the ratio of physical to human capital are bighly sensitive to variations in the 

measurement of human capital and in the index of extemalities of human capital. When 

the Incikator I of human capital is used, the estimates of B2(1), the long-run multiplier of 

the ratio of capitals, are negative and highly significant. But when the Indicator II is used, 

the estimates of B2(1) are either zero or significantly positive. However, the estimates of 

B,(1) are very robust to the variations in the value of y. With either human-capital 

indicator, the magnitudes of the estimateci long-run multipliers of investment rate are very 

stable across a wide range of values for y. This suggests that the index of extemalities of 

human capital may have very littie impact on the estimates of the long-run growth effect of 

the investment rate. 

5.6. The Predictive Power of Two-Sector Models 

How weil does two-sector endogenous growth models predict the growth rates in 

the OECD countries as compared to the one-sector AK model? Although the adjusted R2 

and the standard error of regressions are useful quantitative measures of the overaii 

goodness of fit, or the predictive power, they offer no indication of how the pooled 

regressions fit the data on each individual country. A graphic anaiysis can provide more 

information about the predictive performance of the models, particularly for the individual 

countries. 



Figure 5.1 plots the scattergrams of the residuds Born the pooled OLS regressions 

based on specifications of common intercept and long-nin coefficient and country-specific- 

short-nin coefficients (Le. Case 2 in both one- and two-sector models). In the one-sector 

model, ail the short- and long-run coefficients of the ratio of physical to human capital are 

restricted to be zero, whereas in the two-sector model, no restriction on this ratio is 

imposed. The scattergrams show the overall performance of the one- and two-sector 

models. While the residuals fiom the one-sector model scatter broadly with a large 

number of outiiers, those f b m  the two-sector model, using human capital Indicator 1, 

concentrate in a much narrower band, suggesting that the two-sector model has a 

subaantially higher predictive power than the one-sector model." Moreover, the residuals 

f?om the two-sector model spread eveniy in the neighbourhood of zero throughout the 

sample period in most countries, signiSing that although the model makes the long-run 

growth effects of the investment rates equal across countries, it still provides a good 

prediction of the growth rate for each country. 

TJ The scattergram of the residuals fiom the two-sector model using human capital 
Indicator II is very sunilar to that using Indicator 1 (see Figure A3.2). 



Figure 5.1 Residuals of pooled regressions for 22 OECD countries: 
the one- and two-sector models. 

The one-sector mode1 

O 

O 

0.0 O 

The two-sector mode1 

1968-85,22 OECD countries 

Note: The residuals from both the one- and two-sector models are based on the OLS 
regressions with country-specific-short-run coefficients, reported in Tables 3 -6 and 
5.3. 
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Figure 5.2 gives more detailed information about how weii the pooled regressions 

with coun~specific-short-~~1-~0efficients predict the growth rates in the three largest 

OECD countries, Le., the United States Japan, and Germany. Part (A), on the lefi panel, 

shows the predictions of the one-sector AK model: it systernatically overpredicts the 

growth rate in the United States but underpredicts that in Japan; in Germany, the model 

underpredicts the growth rate in the first half of the sample period (before 1978) and 

overpredicts it in the second haK This type of systematic prediction error suggests that 

specification errors occur in the one-sector model. Part (B), on the right panel., plots the 

predictions of the No-sector model. It tells quite a different story. The predicted growth 

rates track the observed ones very closely in ail three countries, without a persistent 

prediction error in any of them. The sharp dinerence in the predictive power of the two 

models clearly suggests that the ratio of physical to human capital plays an indispensable 

role in growth regression. 



Figure 5.2 Predictions of pooled regressions for the three largest OECD economies: the 
one- and two-sector models 

(A) The one-sector model (B) The two-sector model 

Note: The observed growth rates are shown as solid lines; the predicted growth rates, as 
dotted hes .  The predicted growth rates in the one- and two-sector models are 
based on the OLS regressions with country-specific-short-nui coefficients, 
reported in Tables 3.6 and 5.3, respectively. 



5.7. Summary 

In this chapter, the empincal procedure developed in Chapter 3 is extended and 

applied to tests of two-sector endogenous growth models, using pooled the-series data 

for 22 OECD countries during 1965-1 987. To assess the sensitivity of the estirnates to 

measurernent of human capital, the two-sector models are estimated using two indicators 

of human capital, one based on total yean of education and the other on years of 

secondary and higher education. Both indicators are derived fiom Nehru et d ' s  (1995) 

data on education stocks. 

Four cases are considered in testing the two-sector models, each corresponding to 

a set of restrictions on ùrtercepts and slope coefficients. In each case, I estimate the 

models both with and without the restriction on the long-mn multiplier of the ratio of 

physical to human capital. The restricted specification closely reflects the basic Lucas 

model, but the unrestricted one captures the spirit of the generalized Lucas two-sector 

model. Using either hurnan-capital indicator, the estimated long-run multipliers of the 

investment rates are signincantly positive and robust to changes in restrictions on 

intercepts and slope coefficients and to the adjuments in the ratio of physical to human 

capital for possible externalities of human capital. The long-nin effect of the ratio of 

physical to human capital is negative and significant in a majority of the regressions 

examined. Although it is unclear whether the negative effect of the ratio of the two 

capitais arises because of the long transitional effeas or the extemalities associated with 
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human capitai, it is obvious that the ratio kicreases signincantly the predictive power of 

the models. Therefore, the ratio of physicai to human capital is an indispensable 

component of growth regression. 



CHAPTER 6 

CONCLUSION 

Neoclassical growth models imply that the investment rate exerts no e f f i  on the 

long-mn rate of growth. But many endogenous growth models suggest that the 

investment rate and growth rate are positively linkeci. Therefore, a test of endogenous 

growth models can take the fom of a test of the hypothesis that the long-run efféct of the 

investment rate on the rate of growth is positive. 

This study makes two main contributions to the empirical testing of endogenous 

growth theory. Fûst, this study draws on recent techniques in time-senes analysis 

literature to develop an empirical procedure for estimating the long-run effect of 

investment rate on the rate of growth, using time-series and panel data. This procedure 

accounts for the correlation between independent variables and disturbance terms arising 

from cyclical shocks and transitional dynamics in the economy and thus yields consistent 

estirnates of long-run multipliers. Second, it denves testable relations between growth and 

investment rates fiom the Lucas two-sector model. In particular, it shows that the simple 

linear long-run relationship between growth and investment rates found in the one-sector 

AK model continued to hold in the two-sector models with transitional dynamics. The 
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relationship denved fiom the Lucas model, both with and without extenialities of human 

capital, indicates that in the long-nin the rate of growth depends only on the rate of 

investment, but in the transition period it also depends on the ratio of physicai to human 

capital. 

The main conclusion of this study is that the investment rate has a signincantly 

positive long-run effect on the rate of growth in OECD counuies. This is supported by 

results from the tests of both the one-sector AK model and the two-sector models. 

For the AK model, the main results of the tests are (1) Individual-country time- 

series regressions for 24 OECD countries during 195G1990, using Penn World Table 

(Mark 5.6) data, produced considerable evidence for a positive long-mn effect of the 

investment rate on the rate of growth. The estimated long-mn multiplier of investment 

rate was found significantly positive in 12 of the 24 OECD countries in the sample, and 

signifïcantly negative in none. (2) The tirne-series test using Maddison data on growth 

and investment rates during 1870-1987 for six main OECD countries reveaied that the 

investrnent rate has a significant, positive long-run effect on the growth rate in four of 

these six countries. This result greatly strengthens the results of the individual-country 

the-series regression. (3) The estimation using pooled-tirne-series for 24 OECD 

countries from 1950 to 1990 produces additional evidence for the long-nui effect of the 

investment rate on the rate of growth. The estimated long-run coefficients are 

sigmfmntly positive in ail four cases, with various restrictions on the intercept and short- 

and long-run coefficients, and with both OLS and SUR estimaton. 

The results fiom tests of the two-sector models provides M e r  support for 
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endogenous growth theory. Using pooled-the-senes data for 22 OECD countries ffom 

1965 to 1987, this study showed that the investment rate had a positive long-run effect on 

the rate of growth. These results are robust to alternative meanires of human capital, to 

changes in restrictions on the intercepts and slope coefficients in the regressions, and to 

variations based on the adjustments in ratio of physical to human capital for possible 

externalities of hurnan capital. The tests also show that the ratio of physicai to human 

capital significantly raises the predictive power of the model. This suggests that the ratio 

of physical to human capital plays an indispensable role in growth regression. 

This study focused on tests of the endogenous growth hypothesis implied by the 

AK model and the Lucas two-sector endogenous growth model. However, a similar 

hypothesis may be implied by other types of endogenous growth models. For example, 

Dinopoulos and Thompson (1 997a) showed that an augrnented version of the Romer 

(1990) model implies that investment rates in both physical and human capitals have a 

positive effect on the growth rate. Hence, the results of this shidy may support a wide 

variety of endogenous growth models. 

While this study shows that the tirne-series data for OECD countries are consistent 

with the predictions of the &-type of endogenous growth models with transitional 

dynamics, some recent studies using the cross-country-regression approach have shown 

that the similar data sets aiso support Solow-type of exogenous growth models with slow 

convergence. An interesthg future research topic is to develop a test that cm ciistinguish 

an endogenous growth mode1 with long transition and an exogenous growth model with 

slow convergence, using the sarne tirne-series technique and data set. 



APPENDIX L SOLUTIONS OF TWO-SECTOR MODELS 

A. The Basic Lucas Mode1 

The Hamiltonian expression for the basic Lucas model, shown as equations 

(4.1)-(4.4), is given by 

where v and p are shadow prices of final goods and human capital, respectively; c, and u, 

are control variables; and k, and h, are state variables. For simplicity, 1 suppress the 

subscript f hereafter. 

Defining o = kfi, and x = c/K, the growth rates of k, h and o cm be given as 



T h e  first-order conditions, dl/& = O and dl/& = O, result in 

The condition &/dt = - dila implies 

The condition d@dt = - dl/& implies 

By substituthg for v.p from equation (A4.6) to equation (A4.8), one gets 

Differentiating equation (A4.5) with respect to time, dividing the left-hand side of 

the differentiated equation by c(Q -'e -* and the right-hand side by v, and substituthg for 

the rate of change of v fiom (A4.7), one gets 
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i gc = - (a A u '-go -0-4 - 
0 

6 - P). (A4.10) 

The growth rate of x can be determined by using equations (A4.10) and (A4.2): 

DifEerentiates equation (A4.6 ) with respect to tirne and substituthg for the rate of 

change of v and p fiom equations (A4.7) and (A4.9) respectively, one gets 

Equations (A4.4), (A4. I 1) and (A4.12) form a Merential equation system. In the 

steady state, the growth rates of o, u, and x are ail equal to 0, and the steady-state values 

of three variables can be given by 

where cp is a combined parameter defined as p = [p + 60- B)]B O. 
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Defining the investment rate as the proportion of final goods not consumed, i-e., 

one obtains the following relation between i and X: 

where @ is the inverse of the average product of physical capital, which is, according to 

equations (A4.13) and (A4.14), a constant, Le., 

Equations (A4.15) and (A4.18) impiy 

Equations (A4.13), (A4.14) and (A4.19) are given in the text as equations (4.6H4.8). 

By substituting for w and u from equations (A4.13) and (A4.14) to (A4. IO), one 

gets the steady-state rate of growth of per capita consumption: 

This equation is shown as equation (4.9) in the text. Because in the steady state, variables 
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y, k, and h grow at the same rate as c, equation (A4.20) also gives the growth rate of k, h, 

y and z. 

The relation between the growth rate of physicai capital and the investment rate 

can be denved firom equations (A4.2), (A4.17) and (A4.18). as 

Because in the aeady state, the growth rate of physical capital is equal to the 

growth rates of consurnption, output and human capital. equation (A4.21) can be re- 

wrinen simply as 

This equation appears as q u a  tion (4.10) in the text in Chapter 4. 

Equations (A4.13) and (A4.19) imply a steady-state relation between i and o 

This is the equation (4.11) in the text. 

B. The Lucas Externalities Mode1 

The Lucas (1988) mode1 with extemalities ciiffers fiom the basic Lucas mode1 ody 

in aiiowing the production b c t i o n  in final goods sector to have externaiities of the 



average level of human capital. The Hamiltonian expression of the mode1 is 

The growth rates of k , h and o can be given as 

- A u 1'. o-O- ' )  h l  - g - & , 
gt - 

g,, = B(1-u)- 6, 

Following the same procedure as the one used to solve the optimization problem 

of equation (A4. l), one gets 

In the steady state, the growth rates of u and x are equal to 0, and the steady-state 



values of two variables can be given by 

where dJ is a combined parameter defked as @ - [p + 6(1-Bt u)]BB. 

Equations (B4.4) and (B4.7) imply that the average product of physicai capital is 

given by 

and the growth rate of per capita consumption satisfies the usud optimal condition as 

where b, defhed as b = B [ I + y /  (1 - au+ y 6, is the margmai product of  physical 

capital in the steady state. 

Substituting for u in equation (334.10) fiom (B4.8) and re-arranging (E34. I O ) ,  one 

can get the value of o in the steady state: 
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Equation (B4.12) appears as (4.1 6) in the tea. Because in the steady state, h is not 

constant, nor is o. But if one defines f? = o h'y'("a), then f? wiU be constant in the steady 

state, Le., 

Equations (B4.2), (A4.17) and (B4.10) imply that the growth rate of per capita 

output, as weU as per capita consurnption, physical and human capital, is as follows: 

b g' = - 8 + - i'. 
a 

This is the equation (4.1 8) in the text. 



APPENDIX II. THE DATA 

A. The Sources 

(1) G r m h  Raie. Growth rates for 195û-1990 are denved using fkst daerence of 

natural logarithm of reai gross domestic product (GDP) per worker (1985 international 

prices), Le., RGDPWseries, ffom Summers and Heston's Penn World Table (Mark 5.6). 

Growth rates during 187&1987 are constructeci nom GDP per capita data provided by 

Jones (1995), which are based on Maddison's (1982, 1989) data, as compileci by Bernard 

(1991), except for the data on the Canadian per capita GDP growth rate during 

1870-1 900, which are &om Urquhari (1993). 

(2)  Invesmient h t e .  The investment rate is defined as the total gross physical 

capital formation as a percentage of GDP. The data on the investment rates after 1950 are 

fiom the real investment shme of GDP (%) (1985 international prices), i.e., the I series in 

the Penn World Table (Mark 5.6). The data on the investment rates for Australia, 

Canada, France, Japan, the United Kingdom and the United States during 187û-1987 are 

based on Maddison's (199 1 a) data on the gross domestic fixed investment as a percentage 

of GDP, including gross domestic non-residential fixed investment and the gross 

Uivestrnent in dwehgs. 

(3) Physiai-Capitaf Stock. The data on physical-capital stock durùig l9Sû-l99O 
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used in this study are the non-residential capital stock per worker (in 1985 international 

prices), i. e., KAP W series fiom P WT5.6. They are created using a perpehid-inventory 

method applied to investment data and an initial assumption about the capital stock. 

(4) Human-CqitaI Stock. This study uses Nehru et al.% (1 995) annual 

educatioaal stock data as proq for human capital stock. This data set provides average 

number of schoohg years of working-age population during196û-1987 for 22 of the 24 

OECD countries in the sarnple, excluding Luxembourg and New Zealand. 

The data used in the tests ofAK mode1 in this study dSer fiom those in Jones' 

(1995) study in several ways. The main differences are sumrnarized in Table A2.1. 



Table A 2  1 The data used in the tests of the AK model: ciifferences and similarities 
between Jones' (1995) and this study 

Sample Variables Jones (1 995) This paper 

15 selected 
OECD 
countries, ' 
since 1950 

9 other 
OECD 
countries, 
since 1950 

6 selected 
OECD 
countries; 
187Sl987 

Growth rate 

Investrnent 
rate 

Growth rate 

Investment 
rate 

Growth rate 

Investrnent 
rate 

Cdculated fiom r d  GDP 
per worker in 1985, 
international prices, 
19561988, fiom Penn 
World Table (Mark 5) 
(PWTS) of Summers and 
Heston (1 99 1) 

Gross domestic investment 
as a percentage of GDP in 
current international prices, 
195C1988, fiom PWTS 

Not included 

Not included 

Denved from real GDP per 
capita in Maddison (1 982, 
1989), as compiied and 
extended by Bernard 
(1991) 

Not included 

Calculated fkom r d  GDP 
per worker in 1985 
international prices, 
1950-1990, fiom Penn 
World Table (Mark 5.6) 
(PWT5.6) of Summers and 
Heston (199 1) 

Gross domestic investment 
as a percentage of GDP in 
1 985 international price, 
195û-1990, f?om PWT5.6 

Caiculated fiom real GDP 
per worker in 1985 
international prices, 
1950-1990, fiom PWT5.6 

Gross domestic investment 
as a percentage of GDP in 
1 98 5 international prices, 
19504990, fiom PWT5.6 

Same as Jones (1995) 

Gross total domestic fked 
investment as % of GDP, 
from Maddison (1 99 1 a) 

Note: ' They are Australia, Austria, Belgium, Canada, Denmark, Finland, France, 
Gennany, Italy, Japan, Netherlands, Norway, Sweden, the United Kingdom and 
the United States. 
The nine countries are Greece, Iceland, Ireland, Luxembourg, New Zedand, 

Portugal, Spain, Switzerland, and Turkey. 
' They are Australia, Canada, France, Germany, the United Kingdom and the 

United States. 
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The diffierences in the sources of the data used in this and JonesY(1995) study may 

explain some of the ciifferences in the redts. One of the typicai examples of the 

dflerences in data is illustrated in Figure AZ. 1 .  

Figure A 2  1 Isvestment rates m the Uniid  States based on diflkent data sources 

Jones (1995) used the CI series fiom PWTS for investment rates, but this study 

uses the I series fiom PWT5.6. The time trend of the investment rates in PWTS for the 

United States is positive, but that in PWTS.6 is negative. 



B. Population Growth Rates and Real GDP Per Worker 

Table A2.2 The average population growth rates (%) in 24 OECD countries, 
1950-1990 
Country 1950-1990 1965-1987 
Canada 1.65 1-23 
France O. 76 0.6 1 
G~=Y 0.63 0.24 
Italy 0.50 0.46 
Japan 0.94 0.96 
United Kingdom 0.32 0.23 
United States 1.23 1.04 
Group Average 0.86 0.68 

Australia 
Austria 
B elgium 
Finland 
Luxembourg 
Netherlands 
Norway 
Sweden 
S witzerland 
Grou p Average 0.75 0.58 

Denmark 0.45 0.36 
Greece 0.76 0.69 
Iceland 1.43 1.12 
Ireland 0.42 0.93 
New Zedand 1.39 1 .O5 
Portugal 0.40 0.5 1 
Spain 0.8 1 0.87 
Turkey 2.46 2.39 
Group Average 1 .O2 0.99 
Source: PWT5.6. 



Table A23 The real GDP per worker (in 1985 international prices) in 24 OECD 
countries. 1 990 

Real GDP per worker Rank of real GDP per worker 
C o w i ~  in 1990 amone; OECD countries 

Australia 303 12 9 

Canada 34380 3 

France 30357 8 

Greece 

IceIand 

Italy 30797 7 

Japan 22624 21 

Luxembourg 37903 1 

Netherlands 3 1242 6 

New Zeaiand 

Norway 

Porîugal 

Spain 26364 16 

Sweden 

Switzerland 

Turkey 8632 24 

United Kingdom 26755 14 

United States 36771 2 

Note: The real GDP per worker in 1990 is measured in 1985 international 
prices. 

Source: PWT5.6. 
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C Human Capital Indicators and the Ratios of Physical to Human Capital 

Table A24 The average annual growth rates (%) of physical- and hurnan-capital stocks per 
worker and ratios of capitals in 22 OECD countries, 196û-1987 

P hysical Human capital Ratio of capitals 

Country capital Indicator 1 hdicator II Indicator 1 Indicator II 

Australia 

Austria 

Belgium 

Canada 

Denmark 

Finland 

France 

Germany 

Greece 

Iceland 

IreIand 

Italy 

Japan 

Netherlands 

Norway 

Portugal 

Spain 

Sweden 

S witzerland 

Turkey 

United Kingdom 

United States 2.72 0.39 2.30 2.33 0.42 

Source: PWT5.6 and Nehru et al. (1995). 



APPENDIX IEL ADDITIONAL TESTING RESULTS 

Table A3.1 Long-nui eEect of investment rate on growth rate in 24 OECD 
countries, with five leads and Iags of the first difference of investment rates, 
1950-1990 

- --- 

Long-run effect Durbin-Wat son 
Country B(1) Adjusted R' statistics 

Belgium 

Canada 

Denmark -0.076 
(- 1.521) 

Finiand 0.226 
(1 -527) 

France 0.089 
(0.734) 

Germany 0498"' 
(7.1 18) 

Italy 0.569"' 
(8.13 1) 



Table A3.1 (continueci) 

Long-mn Effect Durbin-Wat son 
Country Adjusted l? statistics 

Japan 

Netherlands 

Norway 

Sweden 

United Kingdom 

United States 

Greece " 

Iceland 

Ireland 

Luxembourg 

New Zealand 

~0miga.I 

Spain 

S witzerland 

Turkey 

0.01 8 
(O. 198) 

Nzne other OECD countries 

(-0.1 76) 

Note: ' l9Sû-lgg 1. 
1950-1990. 



Table A3.2 Long-nin effect of the investment rate on the growth rate in six major 
developed counuies, 1870-1 987, with a dummy variable for World War 1 and 11 and 
the Great Depression ' 

Model: 4 
g, = a+B(l)j+B(l)~~x,+ Z ( 1 + W D ) d , b x , + ~ ,  

k 4  

Durbin-Watson 
Country B(l)*WD Adjusîed l? statistics 

Australia O. 144' -0.473' 0.070 2.382 
(1.928) (- 1.710) 

Canada 0.091 -0.261 0.108 1 -422 
(0.443) (-0.734) 

France 0.295"' - 0.276 O. 472 2.354 
(6.482) (-0.177) 

Japan 0.206" -0.779 0.540 2.26 1 
(2.585) (-0.826) 

United O. 097 1 -3 06"' 0.280 1.984 
Kingdom (1.3 16) (2.765) 

United States - 0.273 - 1.485 0.623 1.676 
(- 0.429) (- 1.664) 

Note: ' A dummy variable, WD, is used for 1910-1 950 to control for the impacts of 
the World Wars 1 and II and the Great Depression on the estirnates of long-mn 
effects. 
1885-1987. 



Table A3.3 Pooled regressions for 24 OECD countries, using a common intercept and 
@g-run coefficient mode1 with various number of lags of the change in investment rate 

4 lags 6 Iags 8 lags 

Adjusted 

Standard error of 
regression 

a 

B(1) 

Adjusted R' 

Standard emor of 
regression 

F-statistics for 
common short-mn 
coefficients 

. -  

Note: a Each regression includes four lads  of the first difference of the investment 
rate. 

The sample period, 1960-1988, is set according to the specikation with the 
larges numbers of Ieads and lags, Le., four lads and eight lags. 



Table A3 -4 Results of pooled regressiow for 24 OECD coutries, using country- 
specific-intercepts and short-run-slope-coefficients models, 1965-1 987 . 

-. - . . - - 

Common long-run Group-specific long-run 
coefficient coefficients 

Adjust ed l? 

Standard error of 
regression 

F-statistics for common 
intercept 

F-statistics for comrnon 
long-run coefficients 

Note: ' These results are comparable to the OLS results in Tables 3.7 and 3.8 in 
the te*. 
In the case of cornmon-long-nin-coefficients model, B(I), stands for the 

cornmon long-run coefficient for the three groups 
F-test of the common-long-run coefficient versus group-specific-long-run 

coefficients is done on the basis of the country-specific-intercepts and short- 
run-dope-coefficients model. 



Table A3.5 Results of pooled regressions for 22 OECD countries, one-sector 
mode4 1965-1 987 

Common-short-nui Comty-specific-short-~n 
coefficients coefficients 

Adjusted R' 0.42 1 

Standard error of 
regression 

F-test for cornmon- 
short-nin 
coefficients 

Note: ' The panel of 22 of the 24 OECD countries, excluding Luxembourg and 
New Zealand, for 1965-1987, was chosen based on the availability of 
human-capital-stock data, and it is used in tests of two-sector models. 
The results are comparable to the OLS estimates in Tables 3.5 and 3.6 in 

the text. 



Table A3.6 Resuits of pooled regressions for 22 OECD countries, two-sector model, 
1 965- 1 987, Case 1, Newey-West t-statistics 

Indicator 1 Indicator II 

Unrestricted Restricted Unrestricted Restricted 

Adjusted 0.51 1 0.45 1 0.485 0.487 

Standard error of 2.184 2.3 14 2.240 2.23 7 
regression 



Table A3.7 The sensitiviw of the estimated long-run multipliers of the investment rate 
and the ratio of capitals to changes in the number of lads  and lags, with human-capital 
hdicator 1 

4 lags 6 lags 8 lags 

Regresions with 2 le& 

Adjusted 0.458 0.462 0.464 

Standard error of 
regression 

Schwarz information -7.390 - 7.324 -7.256 
critenon 

RegrernSSIons with 4 le& 

Adjusted Y 0.456 0.459 0.462 

Standard error of 2.129 
regression 

Schwarz information -7.3 13 -7.247 -7.180 
criterion 

Note: The sample period, 1973 -1983, is set according to the specification with the 
largest numbers of leads and lags for all regressions in this table. 



Table A3.8 The sensitivity of the estimatecl long-nm multipliers of  investrnent rate and 
the ratio of capitals to changes in the number of leads and lags, with human-capital 
Indicator II 

4 lags 6 lags 8 lags 

Regressïom wzth 2 le& 

Adjusted 0.428 0.427 0.440 

Standard error of 
regression 

Schwarz information -7.336 -7.262 -7.213 
criterion 

Adjusted R.' 0.437 0.43 1 0.447 

Standard error of 
regression 

Schwarz information 
criterion 

Note: See the note in Table A3.7. 



Figure A3.1 The five-year movhg average of the investment and growth rates in six 
major developed countries, 187(1-1987 

(cl France 

(e) Thc U.K (f) The U.S.A 
Y] 15 

Notes: The five-year moving averages of the investment rates are ploned as solid Lines on 
the lefl scale, and those of the growth rates of per capita GDP are shown as 
dashed iines on the right scaie. 



Figure A3.2. Residuals of pooled regressions for 22 OECD countries, 
the two-sector modei, using human-capita Indicator 1 and II 

Using human-capital Indicator 1 

Using human-capital indicator II 

Note: The residuals of the regressions with both human-capital indicators are based on 
the coun s ecific-short-nin coefficient specification, and the sample penod is 
1968-192-81e main redts of the two-sector mode1 are reporteci in Table 5.3. 
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