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ABSTRACT

Catch-up, Growth and Convergence in the OECD*

This paper analyses the sources of post-war growth and convergence in the
QECD using an extension of Mankiw, Romer and Weil's (1992) model in which
the rate of technical progress is determined endogerncusly by the level of R&D
spending and a process of technological catch-up. The results indicate that the
impact of R&D investment on growth has been significant. Technoiogical
catch-up is found to be very fast and seems to have played an important role
in OECD convergence during the first half of the sample period. The
exhaustion of this effect, morecver, may help explain the siowdown of growth
and convergence after the mid-1970s, and suggests that further convergence
will require an important investment effort on the part of poorer countries.
Finally, there is evidence that the neoclassical convergence effect is aiso

operative but its contribution to convergence in output per worker has been
minor.
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NON-TECHNICAL SUMMARY

What determines the relative growth performance of different economies?
Economists have long held that the immediate answer to this question lies
mostly in factor accumulation. Traditional necclassical models emphasized the
role of investment in physical capital. More recently, the literature on
endogenous growth marks a shift to a broader concept of capital which
includes human and technological capital as well. The key message, however,
remains unchanged: countries that save and invest more tend to grow faster
and have higher income levels in the long run. Controlling for investment rates,
the theory also identifies two mechanisms which, potentially at least, tend to
favour poorer countries, thereby generating a tendency for what is often called
convergence. If technology displays diminishing retums to reproducible
factors, the return on investment will be higher in capital-poor countries which
will therefore grow faster than richer ones with the same investment rate and
may, in addition, be able to atiract foreign investment. Second, countries that
are less technologically advanced may find it possible to grow quickly by
adopting foreign technologies at a relatively low cost.

This paper quantifies the contribution of these various mechanisms to
economic growth and income convergence in the OECD countries during the
period 1963-88. As a framework, | develop a descriptive growth model which
incorporates simuitanecusly the main immediate determinants of growth, ie.
the accumulation of physical and human capital and technical progress fuelled
by R&D investment and technological diffusion across countries. The model
extends some recent work in this area, notably by Dowrick and Nguyen
{1989), Barro and Sala {1990, 1992) and Mankiw, Romer and Weil (MRW
1992}, and tries to provide a comprehensive framework for the analysis of a
number of growth and convergence mechanisms that have often been studied
separately in the literature. Starting from MRW's model of growth through the
accumulation of physical and human capital, | partially endogenize the rate of
technical progress by allowing it to be a function of R&D investment and a
measure of technological backwardness. The resulting mode! incorporates
both the ‘neoclassical convergence efiect’ due to the existence of diminishing
returns to reproducible factors, emphasized by Barro and Sala {1992) and
MRW (1822), and the technological caich-up effect analysed by Dowrick and
Nguyen (1988), making it possible 1o atternpt to separate the fwo.

Starting from the theoretical mode! | derive a convergence equation which
allows us to express the growth rate of income per capita as a function of the
level of the same variable, investment rates in physical, human and



technelogical capital, and the initial technological gap between each country
and an exogencus technolegical frontier. As in MRW or Barre and Sala, the
coefficient of initial income in this equation yields an estimate of the strength of
a neoclassical convergence effect that reflects the degree of returns to scale in
reproducible factors. The present specification, however, also provides
estimates of the speed of technologicai diffusion and of the contribution of
R&D investment to productivity growth,

After constructing a suitable proxy for the initial technological gap, the equation
is estimated using panel data for 21 CECD countries during the period 1963—
88, controlling for cyclical shocks. The results tend to confirm those of previcus
empirical studies. [nvestment in physical, human and technological capital has
a significant positive effect on growih, and the estimated values of the
parameters of the production function are not out of line with those reported in
the literature (although the ceefficient of physical capital is slightly higher and
that of human capital slightly lower than those reported by MRW). Roth
convergence mechanisms (neoclassical and catch-up) seem to be operational.
The estimated value of the necclassical convergence coefficient, which is
close to the 2% figure that has become standard in the literature, implies
slightly decreasing returns in reproducible factors and, by itself, would induce
slow convergence towards a steady state determined by investment rates. The
speed of technological diffusion, however, seems to be very rapid. The
estimated catch-up parameter is over 10% a year, implying that the halt-life of
the process of technological convergence (towards a long-run level of relative
technical efficiency which is determined by the intensity of R&D investment) is
less than a decade.

The estimated model, together with the underlying data. is then used to
quantify the immediate sources of post-war growth and convergence in the
OECD countries. For each of six subgroups of this sample (North America:
Australia and New Zealand; EFTA,; the richer EEC countries; the poorest four
EEC countries; and Japan) i caiculate the contribution to growth of factor
accumulation, R&D investment, necclassical convergence, technological
catch-up and cyclical perturbation. As expected, the joint impact of the two
convergence factors {neoclassical convergence and technological catch-up)
strongly favours the peorer countries. particutarly at the start of the period, but
the size of this effect decreases rapidly over time. The cross-sectional
behaviour of investment rates, however, is not particularly conducive to
convergence, as some of the higher income groups present above-average
rates of factor accumulation and vice versa. Differences in investment rates,
however, seem to account for much of the differential performance within the




top and bottom of the distribution (i.e. Japan vs. the poorer EEC countries, and
North America vs. Australia and New Zealand).

One of the clearest conclusions to emerge from the analysis is that the caich-
up effect seems to have played an extremely important role in income
dynamics during the post-World War It period. Technological diffusion is by far
the largest source of growth differentials in early subperiods, accounting for up
to four points in the case of Japan, but drops to less than one point towards
the end of the sample. On the whole, this factor seems to account for most of
the observed decling in income dispersion during the first part of the sample
period. The exhaustion of catch-up opportunities, moreover, may help explain
the slowdown of growth and convergence in more recent years, although
cyclical factors have undoubtedly played a role as well.

To conclude, the paper emphasizes that the existence of forces promoting
convergence is not sufficient 1o guarantee the elimination of existing income
differentials, even in the long run. Using the estimated parameters, we
compute each country’s level of relative income in a long-run equilibrium
(under the assumption that investment rates remain constant at their observed
levels in the 1980s) and find that predicted long-run income dispersion is
significantly higher than that observed in 1988. Although unpleasant, this
prediction may not be unreasonable. In fact, it is compatible with the
experience of recent years, which have been characterized by the halt of the
convergence trend, and also with the rapid decrease of inequality observed
during the first part of the sample period. My results, then, are consistent with
Abramovitz's (1987) view that post-war convergence was driven to a large
extent by a process of rapid technological catch-up. With this process pretty
much exhausted, however, we now find ourselves in a situation in which the
only road to convergence is an important increase in the investment effort of
the poorer countries.






Catch-up and convergence in the GECD

1.~ Introduction

What determines the relative growth performance of different econormies?
Economists have long held that the immediate answer to this question lies mostly
in factor accumulation. Traditional neoclassical models emphasized the role of
investment in physical capital. More recently, the literature on endogenous growth
marks a shift to a broader concept of capital which includes human and
technological capital as well. The key message, however, remains unchanged:
countries which save and invest more tend to grow faster and have higher income
levels in the long run. Controlling for investment rates, the theory also identifies
two mechanisms which, potentially at least, tend to favour poorer countries
thereby generating & tendency for what is often called convergence. If technology
dispiays diminishing returns to reproducible factors, the return on investment will
be higher in capital-poor countries which will therefore grow faster than richer
ones with the same investment rate and may, in addition, be able to attract foreign
investment. Secondly, countries which are jess technologically advanced may find
it possible to grow fast by adopting foreign technologies at a relatively low cost.

An extensive empirical literature — stretching back at least to the pioneering
growth accounting studies of Solow {1957) and Denison (1962)-- has attempted to
test the relevance and quantify the contribution of these various growth
mechanisms. In: recent years, this line of research has attracted a good deal of
attention, in large part as a response to new theoretical developments in growth
economiics and to an increasing awareness of the ‘practical’ importance of the
subject. Recent papers by Dowrick and Nguyen (1989), Barro and Szla { Martin
(1990, 1992}, Mankiw, Romer and Weil (MRW, 1992) and Lichtenberg (1992},
among others, have investigated the sources of growth and convergence, using
explicitly formulated growth models as a framework for empirical analysis.

The present paper builds on this work and seeks to extend it. Section 2 develops
a descriptive growth model which tries to incorporate simultaneously the main
immediate determinants of growth, i.e. the accumuiation of physical and human
capital and technical progress. The model extends some recent work in this area
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and tries to provide a comprehensive framework for the analysis of a number of
growth and convergence mechanisms which have often been studied separately in
the literature, Starting from MRW's model of growth through the accumulation of
physical and human capital, T partiallv endogenize the rate of technical progress by
allowing it to be a function of R&D investment and a measure of technological
backwardness. The resulting model incorporates both the "neoclassical
convergence effect” due to the existence of diminishing returns to reproducible
factors, emphasized by Barro and Sala (1992) and MRW (1992), and the
technological catch-up effect analyzed by Dowrick and Nguyen (1959), making it
possible to attempt to separate the two.

In Section 3, a convergence equation derived from the model is estimated using
pooled OECD data. The results, together with the underlving data, are used in
Sections 4 and 5 to try to tell a coherent story about post-war growth and
convergence in this sample. For each of six groups of OECD countries, [ calculate
the contribution to growth of factor accumulation, R&D investment, neoclassical
convergence and technological catch-up. The results suggest that the contributien
to growth of R&D investment and technological catch-up has been substantial. The
latter factor, moreover, accounts for most of the income convergence observed
during the first half of the sample period and its gradual exhaustion helps explain
both the growth slowdown and the hait in the convergence process observed after
the mid 1970s.

2.- The Mechanics of Growth and Convergence

The predictions of theoretical models concerning the prospects for income
convergence across countries depend crucially on two technological assumptions:
the existence, or inexistence, of increasing returns to reproducible factors,
including the stock of technical knowledge or “"technological capital,” and the
degree to which useful knowledge is a public good across countries.

Traditional neoclassical models, based on the assumptions of decreasing returns
to capital and free access by all countries to a common stationary technelogy,
predict that growth cannot be sustained permanently but have optimistic
implications from the point of view of convergence. In the absence of technical

(5]
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progress, decreasing returns imply that the marginal product of capital will fall
with the accumulated stock, reducing both the incentive to save and the
contribution of a given volume of investment to output growth. As a result,
growth will gradually slow down and, under standard assumptions, will
eventually stop. The same logic explains the convergence prediction: poorer
countries will have a greater incentive to save and a higher rate of growth for a
given rate of investment. Hence, they will gradually reduce the distance which
separates them from their wealthier neighbours. Moreover, this result will be
reinforced by open-economy considerations, as factor flows and trade will both
contribute to factor price equalization.

The introduction of exogenous technical progress in this framework allows for
sustained growth but dees not modify the convergence result, provided we
maintain the assumption that technology is a pure public good in the sense that ail
countries have access o the same stock of useful knowledge. In fact, for the
convergence prediction to survive, it is enough to assume that this is true in the
long run. In this line, a potentially important factor in the COMVergence process is
the technological catch-up effect emphasized by Abramovitz (1979, 1986) and other
authors. According to this hypothesis, the possibility of imitating at low cost
technologies developed elsewhere should allow poor countries o grow faster than
rich ones, other things equal.

The considerations we have just outlined have traditionally served to justify a
certain optimism regarding the long-run perspectives of the less developed
countries. Even a quick look at the data, however, shows that the evolution of the
world income distribution has not confirmed such expectations, The dispersion of
Income per capita in broad samples has increased throughout the post-WWII
peried, and a cross-section regression of growth rates over this period on initial
Income per capita yields a positive coefficient, suggesting that rich countries have
grown faster, on average than poor ones.l These facts, together with the
historically upward trend of average growth rates, have inspired the search for
aiternatives to the traditional neoclassical model, giving rise in recent years to the
endogenous growth literature 2 Building on the work of authors like Arrow (1562)

1gee for example Parente and Prescott (1993) or de la Fuente (1995).
2 See for example Romer {1986} and Lucas (1588).
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and Uzawa (1965), this literature has explored the implications of increasing
returns and the determinants of the rate of technical progress, reaching predictions
which are in some cases very different from those of the traditional models.

Romer (1986), for example, has shown that the existence of aggregate scale
economies can invert the neoclassical predictions of a falling growth rate and
convergence across countries. With increasing returns in reproducible factors,3 the
return on investment is an increasing function of the accumulated stock. As a
result, the growth rate will increase with time and with the level of income. In the
same line, Lucas (1988), Grossman and Helpman (1991) and Romer (1990) show
that positive growth rates may be sustained indefinitely in models in which the
rate of technical progress is determined endogenously and reflects private
investment decisions in human or technological capital, provided such activities
are not subject to diminishing returns due, for example, to the existence of learning
effects. In these models, moreover, permanent differences in growth tates may
arise as a result of differences across countries in economic policies, market size, or
factor endowmnents.

Most of the recent empirical work on these issues has focused on the degree of
returns to scale to reproducible factors as the determinant of the speed of income
convergence. Romer (19872 tests the hypothesis that the rising dispersion of per
capita incomes may be due to the existence of increasing returns using a
convergence equation derived from a production function which allows for
external effects from capital accumulation. Although Romer cannot reject the
hypothesis that the aggregate production function exhibits constant returns in
capital and labour, his estimate of the coefficient of capital (which is roughly twice
this factor's observed share in national income) is consistent with the existence of
important externalities and implies slow income convergence. Other authors,
however, find the existence of externalities of the required size implausible and
argue that Romer's estimates are probably biased by the endogeneity of his
regressors and the omission of some impertant variables, Thus, if technical

3 With a positive rate of population growth, the existence of increasing returns in all factors
{including labour} also allows for sustained growth of income per capita. In this case, however. the
rate of growth of per capita income is an increasing function of the mte of population growth, a
result which seems quite implausible, since practically all empirical studies find a significant
negative relationship between the rates of growth of population and income per capita.
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progress or the accumulation of human capital, in addition to directly Increasing
productivity, lead to higher investment in physical capital (to incorporate new
technelogies to production processes, for example), the omission of these variables
would tend to exaggerate the impact of investment on growth 4 To explore this
possibility, Barro and Sala (BS, 1990, 1992), Mankiw, Romer and Weil (MRW, 1992)
and other authors estimate different variants of the neoclassical growth model
which incorporate human capital as an input in the production function. Their
results suggest that the accumulation of both physical and human capital has
played an important role in growth and are consistent with slow convergence
towards steady states which may differ across countries reflecting underlying
differences in investment rates,

One common feature of this work is that the finding of a negative partial
correlation between growth and initial income is interpreted as evidence of
decreasing returns in reproducible factors. There is, however, a second possibility
(which does not exclude the first): if income per capita is correlated with the ievel
of technological development, the estimated coefficient of initial income in growth
regressions may be capturing, at least in part, 2 technological catch-up effect.

In fact, one of the earliest studies in the convergence literature, due to Dowrick
and Nguyen (DN, 1989), incorporates an extreme form of this hypothesis. DN
construct an extension of the standard neoclassical model {without human capital)
in which the rate of technical progress is determined in part by the speed of
technological diffusion. In their specification, the technological catch-up effect is
proportional to the ratio of each country's per capita output to that of the ieading
country (the US). The resulting convergence equation is very similar to the one
estimated by MRW, but the interpretation of some of its coefficients is quite
different. In particular, the negative coefficient of initial income is interpreted by
the authors as evidence of a strong catch-up effect which, according to their
calculations explains most of the observed reduction in ncome disparities within
the OECD.

4 In addition to the studies cited in the text, see Benhabib and Jovanovic (1991). In more recent
work (1989, 1990b), Romer himself seems to have come to the conclusion that the high coefficient
of physical capital found in his earlier paper was due in part to the correlation of investment with
omitted factors.
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In the light of the previous discussion, a potential objection to DN's conclusions
is that their catch-up coefficient may reflect in pazt the effect of diminishing returns
rather than technological diffusion. Clearly, the reverse criticism also applies to the
studies by BS or MRW, casting some doubt on the accuracy of their estimates of
the returns to scale parameter. One of the objectives of this paper is to try to
disentangle the effects of the two convergence mechanisms identified by the
literature. To this end, in Part a of this section [ will develop an extension of
MRW's model with human capital in which the rate of technical progress is a
function of R&D expenditure and each country’s distance from a "technological
frontier” which shifts upward at an exogenous rate. In Section 2b, I derive a
convergence equation suitable for empirical work from a log-linear approximation
to the model. As in MRW or Barro and Sala, the coefficient of initial income in this
equation yields an estimate of the strength of a neoclassical convergence effect
which reflects the degree of returns te scale in reproducible factors. My
specification, however, also provides estimates of the speed of technological
diffusion and of the contribution of R&D investrnent to productivity growth.5 The
results will then be used in Section 3 to explore the immediate sources of the
differential growth performance of various groups of OECD countries.

2.a.- A descriptive growth model

This section develops a simple descriptive model which builds en some recent
work in the growth literature. The model is closely related te those proposed by
Dowrick and Nguven {1989), Barro and Sala i Martin (1990) and Mankiw, Romer
and Weil (1992}, but differs from them in that it explicitly incorporates the
possibility of increasing returns and partly endogenizes the rate of technical
progress. To simplify the exposition, I will assume for the time being that there is a
single type of capital, introducing the distinction between physical and human
capital in the empirical part of the paper.

Let us assume technology can be adequately described by an aggregate
production function of the form

5 Lichtenberg (1992) extends the model propesed by MRW to incorporate R&D investment. In his
specification, however, technological capital is treated in the same way as physical or human
capital and does not affect the rate of technical progress, which is taken as exogenous,
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{1}Y = @K*AL) %= paL7"

where A is an index of labour-augmenting technical progress and K denotes a
broad capital aggregate which includes both human and physical capital. The
variable Z = K/AL denotes the capital/labour ratio in efficiency units. To
incorporate the possibility of increasing returns in the siunplest possible way, we
will assume that the term <, although perceived as exogenous by individual

agents, is in fact a function of the form ® = Z¥, where Z is average capita] intensity
{which coincides with Z in a symmetric equilibrium).6

Under these assumptions, output per worker is given by
(2) Q= Az

where o+p measures the degree of returns to scale in reproducible factors (i.e. in
the various forms of capital, but not in labour) taking into account capital's indirect
contribution to productivity through possible externalities.

By assumption, growth of output per worker must be the result of the
accumulation of productive factors or the outcome of technical progress. Taking
logarithms of (2) and differentiating with respect to time, we see that the rate of
growth of output per capita Q'/Q = o/ can be written as the sum of two terms
which reflect, respectively, the rate of technical progress and the accumulation of
reproducible factors:

(3) §o = ga + (0-Hu) g3

It remains to specify the immediate determinants of g, and 82 Let us start with
the second factor. Denoting by s the fraction of GDP invested in physical or human
capital, and by § the rate of depreciation, the increase in the aggregate capital
stock, K, is given by the difference between Investment and depreciation, that is,

6 This specification is basically the one proposed by Remer (1986} to capture the possibility that
capital accumulation may generate positive spillovers. A possible justification is provided in Romer
(1987b). If there are fixed entry costs, a larger capital stock will allow an increase in the number of
firms and a finer division of labour. Increased specialization, particularly by producers of
intermediate goods, could then improve overall efficiency,

7 We will use the notation x' = dx/dt for the derivative of x with respect to time. The growth rate
of x will be denoted by gy = x'/x.

~]
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A K =sLQ-3K

Since Z = K/AL, the growth rate of the stock of capital per efficiency unit of
labour, gz, is the difference between gk = K'/K and the sum of the rates of
technical progress and growth of the labour force. Using (2) and (4), it is easy to see
that

(5) gz = gk - ga - n = SZ™H7 - (n+ga+8)
where 7% is the average product of capital taking into account the externality.

Firally, we have to specify the determinants of the rate of technical progress, ga.
We will assume that gg is an increasing function of the fraction of GDP invested in
R&D (8) and of the opportunities for technological catch up, measured by the log
difference (b = In X/A) between a "technological frontier” denoted by X and the
country’s own technological index, A:

(6) ga=7v0+zb.

The parameters & and y measure, respectively, the speed of diffusion of new
technologies across countries and the productivity of R&D. We will also assume
that best-practice technology shifts out at a rate gy which we will take as
exogenous from the perspective of each given country and assume constant for
simplicity.

To analyze the dynamics of the system in an informal way, it will be convenient
to consider capital accumulation and technical progress separately. Let us start by
studying the evolution of the stock of capital per efficiency unit of labour, which is
described by equation (3). Assuming for now that the rate of technical progress, ga,
is an exogenous constant, we can draw both terms on the right-hand side of (5} as
functions of Z. As shown in Figure 1, the rate of factor accurnulation, gz, is the
difference between the product of the investment rate and the average product of
capital, £ZH-! and the constant (n+ga+8).5

8 The figure ignores the fact that the rate of technical progress, gy will be changing over time,
causing a vertical displacement of the horizental line. It can be shown, however, that the "whole
system" is stable. Asymptotically, the horizontal line stops shifting as g converges to the constante
value gy and Z converges to Z* as shown in the figure.
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The behaviour of the dynamical system described by {5) depends crucially on
the value of o4y, When o+l < 1, that is, when the neoclassical assumption of
decreasing returns holds, the return on investment, given by Z&H-!
functior: of the stock of capital. The growth rate decreases with Z and becomes
negative for Z sufficiently large. {See Figure 1a). Hence, the system is stable, and

the stock of capital per efficiency unit of labour converges to its stationary value,
Z*, characterized by

»is a decreasing

3 L =0y
g2=0 = (7)z*=~—[ : ] :

n+ga+d

Figure 1: Dynamics of factor accumulation

‘;Zuﬂ,l-f
5 >4 . gz >0
v neg, +3
o <h ‘ nrg,+d
i 8z |82 <9 |
‘ S'Z(.z-|.|-1 ' ;
LY - I & ; & ] r3 I; L -
> i g P
7+ Z ze z
- Decreasing returns to capital b.- Increasing returns

When the external effects associated with the accumulation of capital are
sufficiently strong that o+ >1, the situation is very different, as shown in panel b
of Figure 1. Since the return on investment is now an increasing functien of the
stock of capital per efficiency unit of labour, the rate of accumulation increases
with Z instead of falling. Hence, Z grows when it is larger than Z* and falls when it
is smaller, moving farther and farther away from the steady state, which must now
be interpreted as a threshold for growth rather than as a long-run equilibrium.

The implications of these results for convergence are clear. Given two countries
identical except in their initial capital stocks (i.e. with access to the same
technology and similar rates of investment and population growth), the evolution
of their stocks of capital and therefore of their relative incomes depends crucially
on the existence or inexistence of increasing returns to scale in reproducible factors.
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Under the assumption of decreasing returns, the stock of capital per worker (and
hence average productivity) will converge to a common value. With increasing
returns, on the other hand, the advantage of the initially richer country will
increase over time.

To analyze the impact of technical progress on growth and convergence it will
be convenient to work explicitly with two countries, f and 1, (follower and leader).
Let us define the technological distance between Jeader and follower by

bif=aj-a =bf-b]

where b] and bf denote the technological distance between each of these countries
and the best-practice frontier. Cbserve that the evolution of relative technological
backwardness, by, satisfies the equation

{8Yyblf =al'-as="161-0f) +e(b] - bf) = v - 8f) - €blf.

Figure 2 shows the dynamics of this equation under two assumptions on the value
of €. When there is no technological diffusion (¢ = 0), the leading country (which by
assumption invests more in R&D) always has a higher rate of productivity growth.
As 2 result, bif is always positive and the technological distance between leader
and foliower, by, grows without bound as shown in Figure 2b.

Figure 2: Evolution of the technological distance between leader and follower

by by’ ey

by <D
79 -8;)
% i -8
bl:r>0 b“ o

— L e S T

b L3, By
a.- No technological diffusion b.- Catch-up with technological diffusion

When £ > 0, on the other hand, the line eb]f is positively-sloped and cuts the
horizontal line y(81 - 8¢) at a finite value of b)f we will denote by bjf*. Under this

10
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assumption, the model is stable: bif is positive (that is the technological gap
increases over time) when bif is below its stationary value, bif*, and negative (bif

decreases) otherwise (see Figure 2b). Hence, the technological gap converges to a
finite value, bjf*, defined by

. ' ¥61-6p)

bif =0 fi (9) b= e

In the long run, the (logarithm of the) ratio of the productivity indices of the two
countries converges to a constant value which is directly proportional to the
difference between their rates of investment in R&D, and inversely proportional to
the speed of technological catch-up.

In summary, each of the processes we have considered (factor accumulation and
technical progress) may or ma ¥y not induce divergence in per capita incomes. If the
technology displays Increasing returns in capital {0+ > 1), the rate of return on
investment increases with the stock of capitai, and the system displays "explosive"
behaviour. Over time, growth accelerates in each given country, and income
differences across nations increase without bound. On the other hand, when oy <
! the return on investment falls with accurulation and this implies that stocks of
capital per worker (and hence per worker income levels) tend to converge across
countries, provided they share the same technology. Similarly, the evolution of
refative technical efficiency may adopt two quite different patterns. If there is no
international technological diffusion (e=0), the country which invests more in R&D
will always have a higher rate of productivity growth. If there is a diffusion effect,
however, the technological distance between the two countries will tend to
stabilize at a point at which the advantage derived from the possibility of imitation
Is just sufficient to offset the lower R&D investment of the follower.

Considering the two factors jointly, we can distinguish between two cases.
When the technology exhibits increasing returns in capital (e+u > 1} or there is no
technological diffusion (e = 0), the model is unstable and the growth paths of the
two countries diverge. If there are decreasing returns and technological diffusion
(ot <1 and 2 > 0}, however, the model is stable. Asymptoticaﬂy, the rates of
growth of the two countries converge to the world rate of technicai progress, g,

11
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and the ratio of their per capita incomes approaches a strictly positive constant
value whose logarithm is given by:*

(10) (q1- 9B =

¥(01-6¢) . CHL sl(nf+gx+8)
e Lo | seni+gxd) |

where q =In Q.
This expression shows that long-run income disparities can be attributed to

differences in levels of investment in physical and technological capital. The first
¥61-6)

term, _is the ratio of the indices of total factor productivity in the two

countries (In A,/As). Hence, long-run differences in productivity ievels depend on
the ratio of the technological investment coefficients of the two countries and
decrease with the speed of technological diffusion. Finally, the last term, which
measures relative capital intensity, is a function of the rates of investment and
population growth.

Under plausible technological assumptions, then, the model predicts what,
following Barro and Sala (1990), we will call conditional convergence. There is
convergence in the sense that each country approaches 2 long-run equilibrium in
which its income, expressed as a fraction of the sample average, remains constant
over time at a level determined by its investment effort. Notice, however, that if
fundamentals (i.e. investment rates or their determinants) differ across countries,
this is perfectly compatible with the indefinite persistence of a substantial degree
of inequality.

Ir a long-run equilibrium, all economies grow at a rate equal to the world rate
of technical progress. During the transition to the steady state, however, growth
rates can differ across countries. This transitional growth component may be
expressed as a function of the distance between a country's current position in
terms of factor intensity in efficiency units (Z) and relative technical efficiency (b)
and the steady-state values of these two variables. Notice that the rate of technical
progress is ot necessarily largest in those countries with the lowest levels of total

9 Recall that output per worker is givenby Q= AZP™ Taking the logarithm of this expression
and using (7} and (9L we obtain equatien (10}
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factor productivity, or highest R&D investment, but rather in those which are
furthest below their long-run level of relative technical efficiency. Similarly,
differences in growth rates reflect in part each country’s investment effort, which
determines the location of the steady state. Controlling for investment rates,
however, it is not necessarily those countries with the lowest stock of capital per
worker which grow fastest, but those which have low factor endowments relative
to their level of technological attainment.

2.b.- A Convergence Equation

Appendix 1 shows how a convergence equation suitable for empirical work can
be derived from the model developed above, Essentially, I construct a log-linear
approximation to the model around a steady state and use it to derive an equation
describing the evolution of income per capita. The equation which describes the
evolution of the index of technological efficiency is then solved and the solution is
substituted into the law of motion of income per capita. The end result is a single
equation which gives the growth rate of income Per capita as a function of the level
of the same variable, investment rates, and the initial technological gap. Adding
human capital to the model (with coefficient 3 in the production function and the
same rate of depreciation as physical capital) and letting s, and &, dencte the rates
of investment on physical and human capital, respectively, the convergence
equaticn can be written,

Ao+ Skit AB Shit

gy = X Xov 1% S ¥ TR e vl —

D g’ = gy + Axo+ Agy it Ty In S “__I-a-gqﬁ In nm_m-gxﬂ") +
' }‘Yela-gx (D)™ + A0~ 210} + (ato - 2i0)] (-1

where i is a country subindex and the neoclassical convergence coefficient, 1, is
given by

(12) & = (1-o-p-B)n+3+g,).

According to equation (11), the growth rate of output per worker in country i at
time t, qut', is an increasing function of the rates of investment in physical, human
and technological capital (s, 55 and 0) and of the initial gap with respect to best-

13
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practice technology, (xoac), which we write as the sum of the gap with respect to
the leader (ap-aj,) and the distance between the leader and the technological
frontier, (o - aio), and decreases with the log of the contemporanecus level of
income, i The parameter A, which depends on the degree of decreasing retums
to human and physical capital, measures the speed of convergence of income per
efficiency unit of labour towards its steady-state value. A positive value of & can be
raken as evidence of decreasing returns in reproducible factors and, therefore, of
the operativeness of the neoclassical convergence mechanism, although in terms of
output per efficiency unit of labour, and not necessarily per worker.

Equation (i1) also captures the impact of the technological catch-up process,

£

whose speed is measured by the coefficient . The parameter N = 7~ will be
Sntg,

greater than one when the speed of technological diffusion is relatively high. In

this case, the coefficient of the initial technological gap, A(n-1)e™' is positive but the
contribution of the catch-up factor decreases with time and converges to zero. That
is, countries which are technologically backwards at the beginning of the period
tend to grow faster, but their advantage decreases gradually as each country
approaches its own stationary level of relative technical efficlency, as determined
by its rate of R&D investment.

3.- Estimation and empirical results

[ estimate a version of equation (11) using pooled data for a sample of 21 OECD
countries during the period 1963-88. Since the sample period is subdivided into
five-year intervals, we have five observations per country. The income variable is
output per worker corrected for differences in purchasing power and measured in
constant dollars. As a proxy for the rate of investment in human capital, T have
used university enrollment, expressed as a fraction of the labour force, while
investment in technological capital is measured by total R&D expenditure
(private+pub1ic) as a fraction of GDP.

14
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Table 1: Definition and sources of the variables

qit' = Average annual rate of growth of real output (GDP) per worker in each subperiod, Source;
Summers and Heston (S-H), 1991, PWT.S.

Qit = logarithm of real output per worker at the beginning of each subperiod {in 1985 dollars,
measured in international prices). (S-H, 1991)

Sk = investment in physical capital (private+public) as a fraction of GDP. Average of the annual
observations for each subperiod. ($-H, 1991).

$h = university enrollment as a fraction of the labour force in 1960, 65, 70, 75 and 80. The figure for
1960 is associated with the period 1963-8, etc. (Source, UNESCO).

6= R&D expenditure (private+public) as a fraction of GDP, Average of the values corresponding to
1963, 65, 70, 75 and 80.10 (Source: UNESCO)

dU = change in the unemployment rate over each subperiod. (Source: OECD)

Tabie 1 describes the construction and sources of the variables used in the
empirical analysis. Two aspects of our chaice of variables deserve some discussion.
First, we have used university enroliment (rather than secondary enrollment or the
sum of secondary and tertiary enrollments) for the following reason. On the whole,
there is relatively little variation across the countries in the sample in terms of their
secondary enrollment rates {secondary schooling is mandatory in all of them). As a
result, the impact of educational investment on productivity will be difficuit to
detect. Moreover, much of the variation observed in the available data is rather
suspicious. Some countries present very substantial and rapid changes in
enrollment rates which raise questions about the homogeneity of the data.
Moreover, the low enroliment rates attributed to several countries in Central
Europe seem to indicate that these figures do not include students enrolled in
vocationai training programmes conducted by enterprises (2 rather common
system in these countries). Hence, we have preferred to use data on tertiary
enrollments, which seem to be more homogeneous across countries and over time,

1C For some countries data are not available for all years, Before computing the mean, missing
values have been estimated in the following manner. First, we calculate the average R&D
expenditure for those countries which have data for all years. Available figures for other countries
are then normalized by the average of the first group. The (relative) value assigned to the missing
observations is the average of the values for adjacent years or, if this is not possible, that of the
closest available year.

15
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and should therefore give a more relizble image of the educational effort of the
different countries.

Secondly, our measure of technological investment is average R&D expenditure
(as a fraction of GDP) over the entire sample period, rather than within each 5-year
subperiod, as in the case of human and physical capital. In part, this choice is made
for convenience, for the assumption that @ remains constant over time
considerably simplifies the equation to be estimated which would, otherwise,
include a relatively complicated lag structure. On the other hand, given the likely
existence of long and variable lags between R&D investment and its impact on
output growth, it seems more reasonable to work with a measure of average effort
during a relatively long period than to try to uncover a contemporaneous
correlation between the two variables.

In the estimation of equation (11), two important problems arise. The first one is
that, since initiz] technological backwardness {alo - Aj} 1s not directly observable,
one needs to construct some proxy for it. Among the available data, there are three
variables which should contain some information about the degree of technical
sophistication at the beginning of the period: the fraction of the population holding
a university degree in 1960, the number of scientists and engineers employed in
R&D activities as a fraction of the labour force in 1965, and average product per
worker at the beginning of the sample period. None of these indicators is,
however, the ideal variable, Moreover, since each of them is highly correlated with
some other explanatory variable (the initial income level, the university enrollment
rate, or the level of R&D expenditure), their use as regressors is likely to resultina
multicollinearity problem. For both these reasons, I have chosen to construct an
indicator of the initia! technological gap based on an average of three indices
which measure the initial position of each country rejative to the US in terms of
these three variabies. The ordering induced by this index seems quite reasonable,
with the exceptions of of Japan, which is ranked forth, tied with Canada, and
Austria {(which appears below Ttaly and Trejand, followed only by Greece, Spain
and Portugal). (See the last column of Table 3). Since the case of Japan is of
particular interest, and this is the only country which is not analyzed as part of a
larger group in the following section, 1 will attempt Lo estimate a correction factor
for this country's initial gap below.

16
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The second problem is how to control for cyclical factors or, more generally, for
the possibility of period-specific shocks, without losing the capacity to detect the
catch-up effect. Figure 1, which shows the average OECD growth rate in each
subperiod, illustrates the problem. The decline of the average growth rate during
the period could be an indication of the gradual weakening of the catch-up effect,
but it probably reflects the impact of cyclical factors as well and, in particular, the
coincidence of recessive periods and adverse supply shocks in the second half of
the sample period. A simple way to control for these factors would be to use a
specification with fixed effects by subpericd. The period dummies, however,
would also capture the catch-up effect and their coefficients would be difficult to
interpret in terms of the under] ying model. On the other hand, if we do not control
at all for period-specific shocks, we may exaggerate the intensity of the catch-up
process.

As a compromise, | have included dummies (D3 and D4) for the two more
clearly recessive periods (1973-78 and 1933-88), attributing the rest of the decline of
the growth rate, after controlling for other factors, to the gradual exhaustion of
catch-up opportunities. (This effect should be picked up by the term Al(xo - ap0) +
(a1 - ai)] (M-1)e™¢ in equation (11)). As an alternative strategy, I have also tried to
contrel for cyclical factors more directly by including the change in the
unemployment rate over each subperiod as a regressor. As we will see below, both
approaches yield quite similar results.

Figure 1: Average growth rate in the OQECD
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I have imposed some restrictions on the parameters of the model. Following
what has become standard practice in the literaiure, I assume that the annual
depreciation rate is 3% and the rate of technical progress (at the frontier) is 2% per
annum. I have also restricted the convergence coefficient, A, and the parameter 1 to
be equal for all countries, even though the model suggests that both these
parameters should vary with the rate of population growth. The bageline equation
is, then, of the form:

(13) qi' = o+ W0.02*% - h g~ Tin nn+0-05+rh In ﬂit+0'05+

. 18002 < N . )
M [L{W '1}'3 a J* A (0 at0) + (310 - 2i0)) \\m -l]e e

where Fo=gx + Ao 182 constant and n denotes the average rate of growth (across
all countries and subperiods} of the labour force (approximately 1% per year).
Different specifications will also contain various period dummies and/or the
change in the rate of unemployment (dl).

The results, obtained by non-linear least squares, are presented in Table 2. The
first three equations contain dummies for recessive subperiods but not the change
in unemplovment. [n equation {1], I have tried to estimate the leader's gap with
respect to the technological frontier, X - 2o, 35 a1 additional parameter. Since the
results are not precise at all, I repeat the estimation after imposing values of this
parameter which may be reasonable, In equation [2] it is assumed that x4- a)p=10
(i.e. that the US makes use of best-practice technology), while in [3] the assumption
is that initial "pure” labour productivity in this country is 30% below its theoretical
maximum (le. Xo - 2 = 8.30). As can be seen in the Table, the results are quite
similar in both cases.

In equations {4] through [7]. 1 impose the assumption that the US technological
gap is 0.30 and include a dummy for Japan in the initial gap term, which is now of

the form

(0.3 + l—Jawa]APAN + (age - aio))-
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Table 2: Estimation of the convergence equation

Catch-up and convergence in the QECD

1] {2} {3]
coef. 1) coef. (t) coef. ()
constant 0.269 {5.34} 0.207 4.82) 0.215 (5.02)
D3 -0.015% (541} -0.0165 (5.37) -0.0162 (5.3
D4 -0.0178 (5.87) -0.0194 (6043 -0.0191 (6.01)
A 0.03 (5.89) 0.0229 (3.30) 0.0238 (5.56)
i 0.028 (5.33) 0.0259 {4.69) 0.0261 (4.78)
Iy 0.0123 (3.65) 0.00782 2.42) 0.00886 (272
Fa 0.0643 (5.83) 0102 {8.46) 0.0877 (9.64)
7 0.0112 (2.40) 0.0267 (4.78) (L0244 (4.85)
Koy 1747 (©.37) [0.00] [0.30)
DIAPAN
du
R2 0.733 0.690 0.706
fa 0.347 0.475 0.450
Jii 0.153 0.143 0.153
41 {5] [} 7]
cocf. (1} cocf. (t) cacf. (k) cacf. i3
canstant 0.168 (3.94) 0.16 {3.99) 0.158  {+.00) 0.1365  (4.36)
D2 0.0163 (5,90
D3 -0.016 (5.62} 0011 343
04 -0.019 (6.20) -0.011 (3.04)
i 0.0185 {3.29) 0.018 (4.39) 0.0175 (436 0.0158  (4.97)
I 0.0247 (4.70) 0.022 {318 0.0239 (479 0.0241 (5.59)
Iy 0.0078 (2.51) 0.0076  (2.58) 0.0074 {257} 0.0118 4779
e 0.106 (7.99) 0.123 (831) 0.113 (795 0.1397  (8.96)
¥ 0.0208 (3.34) 0.0216  (323) 0.0196  {3.08) 00203 (3.09)
Xofije [0.300 [0.30] [0.30] [0.30]

DIAPAN 2.265 (2.63) 1.81 (2.88) 215 {258} 1.784 (3.73)
daul -0.31 (7.15) -0.18¢9 (3.51) -0.263 (7.30)
I 0.735 0.731 0.766 0.522
foas) 0.526 0.520 0.540 0.495

B 0.165 0.180 0.168 0.242

- Nete: Parameter values shown inside
- The reported values of e+ and # ar
assumption that g+8 = 0.05, we re
average value of n (1%) across countries and subperiods. To recove:

e
1o

and Th =

Ler-p-p

Th

.
» which implies that —& = ZHH

p
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brackets have been imposed, not estimated.
¢ computed as follows. Fra

m the point estimate of & and our maintzined
cover an estimate of ot+p+B using the formula A = (T-t-p=B){n+g+8) and the

T each coefficient, we use the fact that Mg =
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Hence, the coefficient of DJAPAN, which is always significant and positive, gives
us a correction factor for our estimate of Japan's initial technological lag. This
correction is quite significant, as it moves Japan from close to the top to the bottom
of the distribution in terms of the initial level of technological development.

Equations [4] to [7] contain various combinations of period dummies and/or
the change in unemployment over each subperiod.11 Both sets of variables are
significant in all specifications, although the cross-equation pattern of coefficients
suggests that both variabies are partly picking up the same effects. Most of the
other coefficients are quite stable across specifications, although the estimate of the
catch-up parametet, €, is somewhat sensitive to the set of dummies included. For
obvious reasons, technological convergence appears to be faster when we include a
dummy for the second subperiod {which presents above-average growth rates)
and slowest when we control for the recessive subperiods towards the end of the
sample. In all cases, however, the catch-up coefficient, €, is highly significant and
very large (over 10% per year), suggesting that the process of technological
diffusion takes place very rapidly 1313

The remaining variables are significant and have the expected sign in all
specifications. The convergence coefficient, A, which is around 2% per year,
indicates the existence of decreasing returns in physical and human capital and is
close to the values reported in other studies. As for the coefficients of the aggregate
production function (recovered from the estimates of , Ty and T}), my estimate of

11 {f labour were homogeneous, a 1% increase in the rate of unemployment should induce
roughly a 1% decrease in growth of output per worker. Hence, we could expect the coefficient of
dU to be close to -1. The estimated value of this coefficient, however, is much lower. One possible
explanation is that least productive workers are laid off first.

12 That is, one half of the deviation of the technological gap from its steady-state value would be
climinated in less than 7 years. At this rate, most of the impact of the catch-up effect would be
exhausted after three decades.

13 The catch-up cocfficient could be biased upward if our proxy for the initial technological gap
(which implies a ratio close to 10 between the initial productivity indices of the U$ and Portugal)
exaggerates the existing technological difference between the leader and other countries. To explore
this possibility, I have tried to estimate a correction factor (which would enter the equation
multiplying the term (alo - 3i0) in equation {11}}. The point estimate of this factor is larger than one
{indicating that if anything our index underestimates initial productivity differences) but has a very
large standard error (1.12). When we impose 2 correction factor of 0.5, the estimated catch-up rate
increases slightly instead of decreasing. This suggests that the result of a very high rate of
technological diffusion is robust to scale errors in the measurement of the initial technological gap.
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the exponent of physical capital {0+p = 0.5) is above this factor's observed share in
national output, suggesting that there may indeed be some externalities associated
with the accurnulation of physical capital. This coefficient is also higher than the
one obtained by MRW for the OECD countries with cross-section data (aithough
lower than Romer's), while that of human capital {§ = 0.16) is below the value
reported by MRW. On the other hand, both coefficients are typically within one
standard error of those reported by MRW.14 Finaily, the coefficient of the R&D
variable, v, is always positive and significant.

These rtesults tend to confirm those of previous empirical studies. As
Lichtenberg (1992}, I find that R&D investment has a significant positive effect on
growth. The estimated values of the parameters of the production function are not
out of Hne with those reported in the literature and both convergence mechanisms
{neoclassical and catch-up) seem to be operational, although the second one
appears to be guantitatively more important. The estimated size of the neoclassical
convergence coefficient is within the usual range of values found in the literature.
Ex ante, this may be a bit surpzising, for it may be expected that once we allow the
catch-up effect to pick up part of the observed convergence the coefficient on initial
income should go down. In fact, this turns out to be the case: the "neoclassical
convergence” coefficient increases when we add R&D investment as a regressor,
and goes down again to roughly the initial level when we introduce the catch-up
effect. (See Appendix 3 for a more detailed discussion of this issue).

.- Growth and Convergence in the QECD, 1963-88

In this section, I will use the model estimated above to analyze the immediate
determinants of OECD growth and convergence during the post-war period. For
this purpose, I will split the OECD sample into six (relatively homogeneous)
groups of countries: the core EEC countries (EEC7Y; the four poorer EEC countries
(EEC4); the rest of Western Europe ("EFTA™); North America; Australia and New
Zealand; and Japan.

14 MRW's peint estimate of the coefficient of physical (human} capital is 0.38 (0.23), with a
standard error of 0.13 (0.11).
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Figure 2: Evolution of relative income for subgroups of the OECD
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ngél:fx:tn groups: EEC7 = Belgium, Holland, Italy, W. Germany, France, UK and Denmark; EECH = Spain,
ireland, Greece and Portugal; US and Camda;japan; Australia and New Zealand; Other Eump(— = Austria,
Finland, Sweden, Switzerland and Norway.

Figure 2 shows the evolution of relative income, defined as log income per
worker in deviations from the contemporaneous OECD average, in each group
during the period 1963-88. While the two sets of richer European countries
maintain a stable relative position, slightly above the sample average, throughout
the period, there are important differences in performance within the top and
bottom groups of the distribution, particularly in the second half of the sample.
period Starting from similar levels of relative income, Japan converges rapidly
towards the sample mean while the EEC4 countries, after a promising start, lose
ground after 1978. At the upper end of the distribution, both North America and
Australia-New Zealand see their income advantage erode, but while the decline of
the second group continues throughout the period, North America's relative
position stabilizes in the second half of the pericd. On the whale, there is clear
income convergence during the 1960s and early 1970s, but income differentials
largely stabilize, and even increase in some cases, after the mid 1970s.
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To investigate the immediate sources of the differential performance of these
various groups, [ will use the model developed in Section 2 to decompose each
country's growth rate into six factors which reflect, respectively, the contributions
of factor accumulation (physical and human capital accumulation and population
growth), R+D investment, technological catch-up, the neoclassical convergence
effect, a cyclical component which is proportional to the change in the
unemployment rate, and an error term. (See Appendix 2 for details). All
computations are made using the parameter estimates shown in equaticn [5] of
Table 2, i.e. a specification with a Japanese dummy and the change-in-
unemployment variable but no period dummies.

As a reference, 1 will use z fictional country endowed with the
(contemporaneous sample) average rates of factor accumulation (including R&D),
average income per worker and the average technological gap. The contribution of
each of these factors to a country's relative performance will be mesured by the
corresponding component of its growth rate, expressed in differences with the
value predicted by the model for our hypothetical average economy.

Figures 3 and 4 summarize, respectively, the impact on growth of the two
convergence factors (neoclassical convergence and technological catch-up effects)
and the contribution to relative performance of factor accumulation, including
R&D investment. As expected, the joint impact of the convergence factors strongly
favours the poorer countries, particularly at the start of the period, but the size of
this effect decreases rapidly over time. The cross-sectional behaviour of investment
rates, however, is not particularly conducive to convergence, as some of the
higher-income groups present above-average rates of factor accumulation and
viceversa. Differences in investment rates, however, seem to account for much of
the differential performance within the head and tail groups {ie. Japan vs. EEC4
and North America vs. Australia and New Zealand). Figure 5 displays the
estimated cyclical effects, which on average seem to have been most favourable to
Norsh America, the EFTA countries and Japan. Figure 6 shows that the error terms
remain quite considerable, particularly in the second subperiod, where the model
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Figure 5: Compatative performance in terms of dU (cyclical component)
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Figure 6: Error terms (actual-predicted)
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Figure 7: Souces of growth differentials, North America (US andCanada)
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Figure 8: Souces of growth differentials, Australia and New Zealand
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Figure 9: Souces of growth differentials, EEC7
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Figure 11: Souces of growth differentials, EEC4
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generally underpredicts growth performance.1® The pattern of decreasing positive
residuals for the US and Canada suggests that we may have overestimated their
initial technological lead.

Figures 7-12 contain a more detailed breakdown of the sources of growth for
each group of countries. The case of Japan deserves some discussion and serves
also to illustrate some of the limitations of the analysis. As noted, the results
displayed in Figure 12 are obtained using a specification which corrects cur initial
(and surprisingly low) estimate of Japan's initial technical gap. The resulting figure
s consistent with the conventional view that Japanese growth has been fueled both
by a rapid catch-up process and by extremely high rates of factor accumulation. In
the absence of the correction, however, the picture that emerges is quite different:
the catch-up contribution would now be negative and the main source of the
Japanese miracle would be a strong neoclassical convergence effect. In other
words, if we take our uncorrected estimate of the Japanese technical gap at face
value, Japan appears in the early 1960s as a quite technologically sophisticated and
extremely capital-poor country (particularly in terms of factor endowments per
efficiency unit of labour). As a result, high investment rates, and an extremely high
rate of return on investment, would account for the Japanese miracle.

One of the clearest conclusions to emerge from the analysis is that the catch-up
effect has played an extremely important role in income dynamics during the post-
WWII period. Technological diffusion is by far the largest source of growth
differentials in early subperiods, accounting for up to 4 points in the case of Japan,
but drops to less than a point towards the end of the sample. In contrast, the other
growth factors account for less than nalf a point in most cases, but they tend to be
more stable over time. On the whele, this facter seems to account for most of the
observed decline in income dispersion during the first part of the sample pericd.
The exhaustion of catch-up opportunities, moreover, may help explain the
slowdown of growth and convergence in more recent vears, although cyclical
factors have undoubtedly played a role as well.

13 Prediction errors are, on average, considerably smaller when equation [7] in Table 2 is used a8
the basis for the growth decomposition. As noted above, however, this specification tends to yield
an artificially high catch-up parameter.
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The contribution of the neoclassical diminishing-returns effect to income
convergence seems to have been much smaller than that of technological diffusion.
It is worth noting that in some cases this effect, whose size depends on the
capital/labour ratio in effiviency units, has actually worked in favour of rich
countries or against poor ones (eg. EEC4, Japan and North America in the first
subperiod). One implication of the small size of the estimated neoclassical
convergence effect is that technology-adjusted factor endowment ratios (i.e.
capital/labour ratios measured in efficiency units), and therefore rates of return on
capital and pressures for capital flows, have probably not been very different
across countries over most of the period.

6.- Perspectives for future convergence

The existence of diminishing returns and technological diffusion is consistent
with the long-run persistence of important income differentials if investment rates
differ across countries. Qur empirical results suggest that both these convergence
mechanisms are operative, but this does not necessarily imply that we should
expect a further reduction of nequality in the future. In particular, if technological
diffusion is as rapid as our resuits indicate, most of the potential for income
convergence inherent in initial differences in tota] factor productivity will have
been exhausted by now. Further convergence will require higher rates of factor
accumulation in poorer countries.

To explore the implications of the model for future convergence prospects, we
will use the parameters estimated in the previous section to calculate the relative
income of each country in a long-run equilibrium under the assumption that
investment rates in physical, human and technological capital remain indefinitely
constant at their observed values during the last subperiod in our sample (1983-
88). Factor accumulation rates are shown in Table 3 together with 1988 income
levels and estimated long-run income, both measured in log deviations from the
corresponding sample mean.

Without attributing too much importance to the specific value obtained for each
country, the leng-run ordering induced by the model seems to be reasonable.
Countries such as Japan, Switzerland and Germany, characterized by high levels of
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investment in physical, human and technological capital occupy the first places of
the table, displacing the US. On the other hand, the perspectives for the poorer
countries are not particularly good. Were investment levels to remain constant at
their current values, for example, the long-run income levels of Spain and Ireland
would be close to 40% below the OECD average, with Greece and Portugal lagging
even further behind.

Table 5 : Investment rates and long-run relative income

Sk univ e " Yol 88 Nl 33 53-8 ajydiy
Swizeriand  30.15%  2.08% 3,08% 0.43% 0.306 0,632 0.326 .54
Finland 27.88% 498 % 1375 0.66% -0.007 0.506 .513 1.35
Japan 27.22% 421% 277% 0.85% 0.003 0.506 0.503 0.8
Norway 3063% 4.08% 1.62% 0.82% 0212 0483 0.281 1.28
W. Germany  21.72% 4.38% 2772% 0.26% 0.074 0.369 0.295 1.38
Austria 2693% 437% 1.27% (.55% -0.019 0.361 0.380 171
USA VIS 1104% LT73% 1.02% 0,434 0.267 -0.167 0.00
Canada 2360% 7639 1415 1L16% 0.286 0.248 -0.038 0.82
France I1.83%  s01% 2.25% 0.73% 0.108 0.127 0.01% 1.28
[taly 22.55% 4.96% 1.13% 0.60% 0181 0.084 -0.097 1.53
Sweden 18.29% 397% 2.88% 0.537% 0.039 -0.008 -0.047 0.87
Belgium 18.26%  4.82% 1.75% 0.46% G.121 -0.131 -0.252 0.92
Australin 24.64% 4824 1.13% 1.66% 0.157 -0.184 -0.341 0.92
Nethertands  17.89% 6.66% 2.06% 1.16% 0.141 -0.200 -0.341 1.06
Denmark 19.99% 3.99% 1.25%  0.52% -0.103 -0.20] -0.008 0.58
N. Zealand 21.74% 5.8%%  0.76% 1.61% -0.12 -0.330 -0.210 131
UK. 17.33% R08% 2.23% 0.345 0.015 0,356 -0.37 129
Spain 20,50%  3.170% 0.55% 1.13% -0.177 <0370 -0.193 214
Ircland 2299% 4.39% 0.82% 1.63% -0.449 -0.405 0.033 1.53
Gregce 18.39%  351% 0.33% 0.475 -0.361 -0.363 -0.102 1.80
Porwugal 2044% 21% 0.32% 0.85% .743 -0.844 -0.10! 240
average 22429 4.83% 1.65% 0.82%
sid. deviation  4.03% 1.85%  0.85% 0.42% 0.271 0,395
cocff. of var. 0.18 0.38 0.51 0.51

. Note: investment rates (s, 14niv and 0} correspond to the period 1983-88; vrey 83 is abserved relative income
in 1985 {deviation from the sample mean of log income per warker, approximately equal to the % deviation of
income from the geometric sample mean); wpef ¢ is steady-state relative income, computed using the
parareters estimated in equation [S] of Table 2 ala-ajp my estimnate of the log of the technelogical distance
from the leader at the beginning of the pened.
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Without attributing too much importance to the specific value obtained for each
country, the long-run ordering induced by the model seems to be reasonable.
Countries such as Japan, Switzerland and Germany, characterized by high levels of
investment in physical, human and technological capital occupy the first places of
the table, displacing the US. On the other hand, the perspectives for the poorer
countries are not particularly good. Were investment levels to remain constant at
their current values, for example, the long-run income levels of Spain and Ireland
would be close to 40% below the OECD average, with Greece and Portugal lagging
even further behind.

Figure 13: Dispersion of output per worker in the OECD
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Note: coefficient of variation of log output per worker.

The model also predicts a significant increase in income dispersion within the
sample. Table 3 shows that the considerable variation across countries in
investment rates would induce, in a long-run equilibrium, a level of inequality
higher than the one observed in 1988, Although unpleasant, this prediction may
not be unreasonable. In fact, it is compatible with the experience of recent years
which, as shown in Figure 13, have been characterized by the halt of the
convergence trend, and also with the rapid reduction of inequality observed
during the first part of the sample period. The results reported in the last section
are consistent with Abramovitz's {1987) view that post-war convergence was
driven to 2 large extent by a process of rapid technological catch-up. With this
process pretty much exhausted, however, we now find ourselves in a situation in
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which the only road to convergence is an important increase in the investment
effort of the poorer countries.

7.- Conclusion

I have developed a simple mode! which tries to capture the main immediate
determinants of growth and the principal mechanisms which tend to favour "real
convergence" among countries. The model is estimated using postwar QECD data.
The results suggest that both convergence mechanisms identified in the literature
are indeed operative. Other things equal, poorer countries tend to grow faster than
richer ones because diminishing returns to reproducible factors imply that
investment will be more productive at the margin, and because their technological
backwardness provides the opportunity for rapid growth through the adoption of
more advanced technologies developed elsewhere.

Using the estimated model as a framework, I have analyzed the sources of
growth and convergence within the OECD. Technological diffusion seems to have
played a crucial role in this process, accounting for the lion's share of the reduction
in income disparities observed during the first half of the period. The exhaustion of
catch-up opportunities, moreover, may help explain the slowdown of growth and
convergence in more recent years, although cyclical factors have undoubtedly
plaved a role as weil. Finally, I have emphasized that the existence of forces
promoting convergence is not sufficient to guarantee the ¢limination of existing
income differentials, even in the long run. Real convergence, therefore, requires a
creater investment effort on the part of the poorer nations.

On the whole, the model developed and estimated in this paper seems to de
reasonably well at explaining some of the main features of the post-war growth
and convergence experience of the developed countries. A number of important
questions, however, remain open. First, large unexplained residuals remain even
after controlling for cyclical factors. A second, and perhaps more important
limitation of the analysis is that it is purely descriptive in nature. In a growth
accounting Fashion, I have attempted to decompose income growth into a number
of factors which reflect the effects of factor accumulation and the convergence
mechanisms identified by the theory. Purther research is needed, however, on the
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driving forces behind these accumulation decisions and on th
various policy variables.

e impact on them of
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APPENDIX

1.- Derivation of the convergence equation

This section shows how the convergence equation estimated in Section 3 of the
paper is derived. As discussed in the text, the evolution of the stock of capital per
efficiency unit of labour is described by the equation

(A1) Z' =sZ%F - (n+beyg,)Z
and the rate of technical progress is given by
(AZ)yg,=a" =70 +eb

where b =x-a =In (X/A) denotes the "technological gap" between each country
and the best-practice frontier. We have assumed that best-practice technology
improves at a constant exogenous rate, X' = g,. Hence, b’ = x'- 2" and

(A.3) b'=><'-a'=gx-“f9—sb.

Following standard practice, we will proceed by constructing a log-linear
approximation to the system formed by {A.1) and (A.3} around its steady state.
Setting b' = 0 in (A.3), the steady-state value of the technological gap b is given by!®

(A4) b B

£

Notice that b' = 0 implies x' = 2" and hence g, = g,. Substituting this expression in
(A1} and setting Z' = 0, the steady-state value of Z is given by

11 —e=p}

16 Notice that the leng-run technological gap may be negative if R&D is high enough; it may be
better to think of x as "average” rather than "best-practice” technology.
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Substituting (A.2) into (A.1) and dividing both sides of this equation by Z, the
growth rate of Z is given by

+

%& SZO ) - (naryB+eb).

Letting z = In Z, this expression can be written
(A6) 2'=sel® U2 (5 vfieb) = F(z, b).

Evaluating the partial derivatives of the function F(} at the steady state, we obtain

‘FZ = _(l_a'u)(n+8'+‘gx) =-). and Fb =-f,
Hence, {A.6) can be approximated by the log-linear equation
(A7) 2 =-AZ-£b

where tildes denote deviations from the steady state (e.g.z=z-%)and

1 In 8
o nadeg,

2:

Next, we rewrite equation (A.7) in terms of (the log of) income per worker.
Since {taking logs of the per capita production functiony) q = a + {o+)z, we have:

g =a'+ oz’ = a' - AMorp)(z-2)-e(a+u) b = 2" - A(g-a)s Mo+w)z - e(esp) b
= (A8)g'= a'+ ha-hq- Alo+p)Z-e(o+u) b.

It remains to incorporate the behaviour of the technological variables in
equation (A.8). Solving (A.3), the time path of b is given by

(A9) br=Dbe™ or by=be™ +5 (1-e™H
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whereb=b - b. Asymptotically, the technological gap of a given country converges

to a constant value,b, which is a decreasing function of R&D spending and the
speed of technological diffusion across countries.

Substituting {A.9) into (A.2) and using (A.4), we see that the rate of technical
progress at time s is given by

{(A.10) ay = 10 +eb. =0 +e(B+ b)) = g, +ebe™.

Asymptotically, the rate of technical progress converges to the exogenous rate of
displacement of the technical frontier, g,. If the initial technical gap, is above its

steady-state value (i.e. if b,> 0), the rate of productivity growth decreases over
time as imitation cpportunities are gradually exhausted. Finally, we integrate
equation (A.10) from 0 to t to obtain the time path of the productivity index:

(All)ar=as+ get + ’51,(1—e'“) = 8o+ Xo-Xo F Gt + {ba-B) (127
= Xo + gyt + (bo - b (l'e_u) - {Xo - 20)-

Substituting (A9}, {(A.10) and (A.11) into (A.8), we arrive at our final
convergence equation,

(A12) g¢' = ar + Ay~ Aqe+ Ao+ 7 - e{orw) by =

=g +eBet s l(an + gt + b (1-e™ ) - hp Aoz - elar)b e
10 N

{(l_e{t) +E(__?t_!_‘l.)_e—ht W

i
| A )

= gx + Agut - Aqpe Mo)Z + Ab, « hig+ Mo AXg

= g + Ayt - AGe~ AOHLEZ + AB, [T+(M-1)7 + g - A% - ag)

e(1-o-) e(3-o-u) £ . .
= = =7. Finally, all that
where ) (o) Benrg) " dinrg 7. Finally, recali tha
- vl
By =by-B = (xo-a) - X

€
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Using this expression, we have
Tt = g + AXg + Agyt - Agr+ Alop)z+ Tx-@é& [1+(n-1)e™®] +

(%o - Ao} A(A+{N-1)e™) - A{x, - o)

(A13) gy = gx + Ao+ AZut - MG+ AO+L)Z + k%gi [2+{n-1)e™
+ MXo- 2o}(n-1)e™

where the gap relative to best-practice technology can be written as the sum of the
gap relative to the leader and the leader's gap.

Ko~ 86 = (Xo-Alp) + (16 - A0).

When we introduce human capital separately, the same procedure will yield
equation (11} in the text.

2.- Decomposition of the growth rate differential

Rewriting equation (A.8) in the form

(A8) o = [a- (o) b - A(g - a) + Alo+)Z,

we see that the rate of growth of output per worker, q', depends on the rate of
technical progress, 2', and the deviations of income per efficiency unit of labour, q-
a = (a+u)z, and the technological gap, b, from their steady-state values. Using this
expression, we can decompose the growth rate of output per capita into the sum of
three components:

- The first term (a- e(o+) b) surnmarizes the impact of technical progress.
Productivity growth raises output directly, but it also has an indirect effect of the
opposite sign: as depreciation or population growth, it tends to 'dilute’ the capital
stock, reducing the rate of growth of output per efficiency unit of labour, We will
see below that this term may be further split into two components, one reflecting
the catch up effect and the other the impact of R&D.
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- We will refer to the second term, - A{q - a), as the "neoclassical convergence”
effect. Equation (A.8") shows that output growth is a decreasing function of income
per efficiency unit of labour. Hence, the growth rate tends to fall with income per
capita but increases with the level of technological development. As a result, this
effect tends to benefit countries which are relatively capital poor {i.e. have low
endowments of capital per gfficiency unit of labour) and not necessarily the poorer

countries. (This observation also has some relevance for the direction of capital
flows).17

- Finally, the steady-state term, A{o+l)Z can be taken as an indicator of the
contribution to growth of "factor accumulation” and population growth.

Using (A.2) and (A.4), we can write the technological component of growth in
the form
(A.14) a-glo+) b = v0 +eby-e(o+) By = 19 +£b, - e{o+u) (be -B)
= v8 +e(1-o-p)be - s{o+) b = 0 +e(T-o—u)by « e{o+u) S
£
= g{l-o)by + {(1-cp)y + {oetu)gy]

We will refer to the first term in the last expression as the "catch-up” component,
and to the second one as the R&D component of technical progress. (Notice that
the constant exogenous component, (o+u)g., disappears when we take differences
across countries).

Table A.1 contains the information used to construct the figures in the text.

17 Ta compute a: we need to estimate Xo; this term can be recovered from the Independent term
of the estimated equation, I'g = gx + kXg, under the maintained assumption that gy = 0.02.
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Table A.1: Sources of growth differentials

LIS-Canada

EEC4

EEC7

EFTA

Japan

Aust-NZeal

1963-68
1968-73
1873-78
1978-83
1953-88
1963-68
1968-73
1973-75
1978-83
1983-83
1963-68
1968-73
1973-78
1878-83
1978-83
1863-58
1968-73
1973-78
1978-83
1983-55
1963-63
1868-73
1973-78
1978-83
1983-88
1963-63
1968-73
1973-78
1978-83
1983-58

neociassicnl
convergmce

0.54%
-0.02%
+0.09%
-0.24%
-0.28%
-0.12%
0.14%
0.19%
0.26%
0.39%
0.12%
0.04%
0.01%
-0.04%
-0.04%
0.10%
0.08%
0.04%
0.03%
-0.08%
-1.26%
-0.47%
-0.11%
0.09%
0.09%
~0.35%
-0.35%
-0.358%
0.26%,
0.21%

factor

accumulat,

-0.47%
-0.55%
-0.37%
-0.09%
0.23%
0.08%
-0.05%
-0.22%
-0.07%
-0.44%
0.16%
0.16%
0.09%
-0.08%
-0.11%
0.13%
0.13%
0.23%
0.22%
0.40%
-0.05%
0.66%
0.90%
0.66%
0.39%
-0.62%
+0.58%
-0.52%
-0.35%
-0.17%

R&D

0.39%
0.35%
0.39%
0.39%
0.39%
-0.61%
-0.61%
-0.61%
-0.61%
-0.61%
0.18%
0.18%
0.158%
0.18%
0.18%
0.11%
0.11%
0.11%
0.11%
0.11%
0.46%
0.46%
(L46%
0.46%
0.46%
-0.32%
~0.32%
-0.32%
-0.32%
-0.32%

cateh-up

-3.29%
-1.96%
-1.24%
~0.85%
-0.64%
251%
1.64%
1.17%
0.91%
0.78%
~0.58%
-0.40%
-0.30%
-0.24%
-0.22%
-0.57%
-0.36%
-0.25%
-0.19%
-0.15%
4.82%
2.40%
1.09%
0.38%
-0.01%
-0.68%
-0.22%
0.02%
0.16%
0.23%

du

0.54%
-0.36%
0.10%
-0.03%
0.92%
+0.18%
0.09%
0.09%
-0.64%
-0.52%
-0.09%
-0.04%
-0.52%
-0.33%
0.09%
0.08%
0.10%
0.34%
0.82%
-0.09%
0.15%
-0.02%,
0.42%
0.93%
-0.29%
-0.13%
0.11%
-0.22%
-0.05%
0.17%

error

1.02%
0.47%
0.39%
-0.13%
-0.14%
-0.18%
1.92%
-0.34%
-0.83%
-0.39%
-0.20%
0.97%
0.21%
0.17%
0202
-1.08%
0.90%
-112%
-0.20%
0.06%
-0.14%
1.25%
-1.60%
-0.69%
0.23%
~0.41%
1.23%
-1.01%
-0.43%
-0.58%
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3.- Some exploratory growth regressions

Table A.2 reports the results of some exploratory growth regressions which

make use of the explanatory variables used in the text. The specification used is of
the form

Skit Shit
+ Thin -
gyt Nip+Ex+8
+ Ty dU+Trp 8+ Tgap GAPO +1—gapt GAP*t + Trpy 9%

(A15) qit = ge+ %o+ AM0.02% - Agy~- Ty in

where t is & time trend and GAPO is our estimate of the initial technological gap
relative to the US . We start out with the equation shown in the first line of (A.13}
and add the remaining regressors one by one, incorporating a correction factor for
Japan in the way discussed in the notes to Table A.2. Equation [7] in the table is an
approximation to the convergence equation estimated in the text in the text, and
vields similar results. Notice that the inclusion of interaction terms between the
initial technological gap (and R&D investment) and a trend allow us to capture the
"catch-up exhaustion effect” discussed in the text.

Some of the cross-equation changes in parameter estimates are noteworthy.
First, the human capital variable has a negative coefficient (7)) in equations [i]
through [5]. The coefficient, however, becomes positive and significant once we
allow for the catch-up exhaustion effect. Hence, the reason for the counterintuitive
sign of I seems to be the following. University enrollment rates are the only
variable with a significant (positive) trend in equations [1] to [3]. Since growth
rates, after after cortrolling for other factors, tends to decrease over the period, the
contribution of educational investment appears to be negative. Once we "explain”
the decline in the growth rate through the catch-up term, however, the sign of the
coefficient is reversed.

Secondly, notice the behaviour of the neoclassical convergence coetficient as we
include additional regressors. In equations [1] and [2], which control enly for
investment rates in human and physical capital, the estimated value of & is close to
the standard 2% found in the literature. When we control for R&D investment
and/or the initial technological gap {equations [3] to [3]), the estimated speeed of
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convergence increases by around 25%. Once we allow for catch-up exhaustion,
however, A falls again to values close to 2% in equations [6] and {7].

Finally, notice that the initial technological gap variable, by itself, is not
significant and has the "wrong" sign (equations [4] and [5]). When an interaction
term with a trend is included, however, both terms are highly significant and have
the expected sign. This indicates that the advantage conferred by the initial
technological gap has been diminishing over the period, as expected.

Table A.2: Some exploratory growth regressions

i 2] 31 4] 3] fa] 7]
constant 0.183 0,169 0.231 0.222 0.236 0.150 0.170
(3.29) (3.57) 4.35) (3.12) {3.28) (2.56) (2.86)
A 0.0201 0.01%4 .0236 0.0232 0.0253 0.0165 0.0187
(3.75) (4.03) @75 (3.37) (3.56) (2.83) (3.15)
i 0.01963 0.0214 0.0211 0.0192 0.0195 0.0203 0.0218
(2.56) (3.2 (3.30) (2.96) (3.00) (3.89) (4.19)
I -0.00757 -0.0063 -0.0063 -0.0076 -0.0072 C.0081 0.109
(2.60) (2.50) (2.57) G.O5 {2.90) (2.80) (3.32)
dU -0.337 -0.311 -0.307 -0.302 -0.348 -.357
(6.22) {3.75) (5.56}) {5.45) (7.80) (8.01)
@ 0.0054 0.0031 0.0034 0.0064
{2.38) {1.13) (1.68) {2.42)
Gapl) -0.0053 -0.0034 0.0195 0.0188
(1.30y 0.78) (4.57) {4.28)
Gapl)=r -0.0012 -0.0011
(6.7%) (6.02)
2] -0.0003
(1.78)
DIAPAN 0.0108 (.0086
(1.50) (1.16)
CIAPGAP 1,70 148
(3.12) {2.65)
R 0.384 0.556 0.380 0.587 0.592 0.738 0.746

- Notes:

- t-statistics in parentheses below each coefficient

- DIAPAN is the coefficient of a Japanese dummy when it is included in the equation: in an additive

fashion. CJPAGAP is a correction factor for Japan's initial technological gap and is given by the

coefficient of a Japanese dummy (Tjapgap) when the equation includes a catch-up term of the form
Tgap (GAPO + [japgap™DIAPANS +Tgap (GAPO + Tjapgan*DIAPAN)t
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