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Abstract

The paper measures productivity growth in seventeen countries in the nineteenth and
twentieth centuries. GDP per worker and capital per worker in 1985 US dollars were
estimated for 1820, 1850, 1880, 1913, 1939 by using historical national accounts to back cast
Penn World Table data for 1965 and 1990. Frontier and econometric production functions
are used to measure neutral technical change and local technical. The latter includes
concurrent increases in capital per worker and output per worker beyond the highest values
achieved. These increases were pioneered by the rich countries of the day. An increase in the
capital-labour ratio was usually followed by a half century in which rich countries raised
output per worker at that higher ratio. Then the rich countries moved on to a higher capital-
ratio, and technical progress ceased at the lower ratio they abandoned. Most of the benefits of
technical progress accrued to the rich countries that pioneer it. It is remarkable that countries
in 1990 with low capital labour ratios achieved an output per worker that was no higher than
countries with the same capital labour ratio in 1820. In the course of the last two hundred
years, the rich countries created the production function of the world that defines the growth
possibilities of poor countries today.



Since the industrial revolution, the world has become increasingly unequal. In 1820,
most of today’s rich countries had higher incomes than today’s poor countries, but the
difference was comparatively small. Since then, the rich countries have grown faster, so the
gap between rich and poor has increased. The immediate cause of the divergence is clear
enough: the rich countries have invented and adopted technologies that have raised labour
productivity enormously. Poor countries, on the other hand, have been slower to adopt
modern methods. Why they have been slow is usually regarded as a puzzle because the
standard view of technological change is that it benefits all economies, whatever their level of
development.

The orthodox assumption about technology plays a leading role in the Solow growth
model, which is an important point of reference for this paper. This model assumes a
constant returns to scale neoclassical production function, labour augmenting technical
change, and a constant rate of savings out of total output. Labour augmenting technical
change means that an improvement in technology shifts the production function upwards at
every capital-labour ratio, i.e. the new technology lowers costs under all factor price
configurations, so it is profitable to use in poor countries as well as rich countries. The model
has other implications, which we will discuss later, but its characterization of technology
poses the fundamental riddle: why don’t all countries adopt modern technology?

There has been great debate about the answer, and many non-economic factors have
been invoked. Cultural explanations are long standing and rooted in early religious views.
Weber (1904-5) famously developed this perspective by arguing that the Reformation laid the
basis for the ‘protestant ethic,” which, in turn, explained why the Industrial Revolution
occurred in Britain rather than Italy. Weber’s thesis, however, has been subjected to
devastating criticism (Lehmann and Guenther 1995). Cultural arguments were also used in
the nineteenth century to explain why Europe was richer than Asia and Africa. Colonial
ideologues found it easy to imagine that Europeans were more rational, prudent and harder
working than other peoples. However, studies of the adoption of innovations, the utilization
of labour , and the adjustment to price changes support the contrary view that peasant
producers everywhere are rational economic agents (e.g. Berry and Cline 1979).

Culture being inadequate, economists have turned to institutions to explain economic
development. According to this view, the rise of the West was due to good institutions, i.e.
secure property rights, limited government, and low taxes, while the lack of development
elsewhere was due to arbitrary monarchies, despotic emperors and dictators, poor property
rights, high taxes, corruption, and rent seeking (North and Weingast 1989, North,
Summerhill, and Weingast 2000). Some influential interpretations have grounded
institutional arguments in geography. Engerman and Sokoloff (2000) traced the different
development trajectories of North and South America back to their colonial agrarian systems
(family farms versus plantations), which, in turn, depended on the suitability of the land for
growing wheat or sugar. Acemoglu, Johnson, and Robinson (2001) have a similar argument
that relates institutions to disease environment: high settler mortality led to extractive
institutions that later stifled economic development. Dell (2010) and Nunn (2008) have
shown that early modern, extractive institutions like the mita and the slave trade have effects
that persist to the present day (although their magnitudes are not large enough to explain
underdevelopment). Contradicting the institutionalists, Glaeser, La Porta, Lopez-de-Silanes,
and Shleider (2004) have argued that good institutions are the result of economic
development rather than their cause.

This paper explores an alternative explanation of economic development based on the
character of technological change itself. While the standard view assumes that technological
progress benefits all countries, this paper contends that much technological progress has been



2

biased towards raising labour productivity by increasing capital intensity. The new
technology is only worth inventing and using in high wage economies. At the same time, the
new technology ultimately leads to even higher wages. The upshot is a ascending spiral of
progress in rich countries, but a spiral that it is not profitable for poor countries to follow.
This paper’s view of technological change is a historical exploration of the
‘appropriate technology’ theme found in recent theoretical and empirical papers dealing with
economic growth. The literature takes off from Atkinson and Stiglitz’s (1969) concept of
‘local technical change’. In contrast to the standard view that technical progress increases
output per worker with respect to capital per worker at every capital-labour ratios, Atkinson
and Stiglitz explored the possibility that shifts in the production function were limited to a
neighbourhood around the capital-labour ratio that was in use. These local changes have
come to be called ‘appropriate technologies’ since they would be adopted only by a firm
facing factor prices that led it to operate in that neighbourhood. Basu and Weil (1998) have
explored the concept in a theoretical growth model in which rich countries invent techniques
appropriate to their high wage environment. These are not appropriate for poor countries.
They can grow very rapidly, however, if they sharply increase their savings rates, so that they
can adopt the capital-intensive technology perfected by rich countries. Several investigators
have studied aggregate data to see whether technical change has been local or whether it tends
to raise output per worker irrespective of the capital-labour ratio (Fare et al. 1994, Acemoglu
and Zilibotti 2001, Kumar and Russell 2002, Los and Timmer 2005, Caselli and Coleman
2006, Jerzmanowski 2007). This research has used post-1960 data. These studies have found
uniformly that technical progress has been limited to high capital-labour ratios and reflects
the research priorities of high wage countries well endowed with physical and human capital.
While this conclusion is at variance with the standard view in economics, it resonates
with many historical studies. The debate on Victorian entrepreneurship, for instance,
focussed on the adoption of specific inventions in the late nineteenth century—ring spinning,
the Northrop loom, coal cutting machines and the use of ‘fast driving’ and mechanical hoists
in blast furnaces. These were used in the United States but not in Britain. Some argued that
this was due to British ‘entrepreneurial failure’ (Landes 1969). The cliometric response,
however, was that the America techniques cut costs under American conditions, but not under
British conditions (McCloskey and Sandberg 1971). The most prominent difference in
conditions was in wage rates, which were high in the USA and lower in the UK. Studying the
diffusion of inventions highlights the local character of the technical change and disposes
economic historians to the ‘appropriate technology’ paradigm. In contrast, economists, who
study technical change by fitting production functions that include time as a shifter, are bound
to find that technical change cut costs in all circumstances since that is what time shifters do.
The empirics of this paper begin with Kumar and Russell’s (2002) study of 1965 and
1990 cross-sections of national data. These data describe the 57 countries for which the Penn
World Table 5.6 reports both output per worker and capital per worker in 1985 international
dollars.! Figure 1 plots the data. The diagram has three outstanding features. First, all of the

"Kumar and Russell (2002, p. 531) leave out Iran and Venezuela, which are also in
PWT 5.6, on the grounds that they are oil producers. I leave them out likewise, and I thank
Bob Russell and Daniel Henderson for providing me with a spreadsheet of the data. They
have written two more papers adding education to the data and refining the procedures
(Henderson and Russell 2005, Badunenko, Henderson, Russell 2008), but the historical data
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points form a curve that looks like a textbook production function. A Cobb-Douglas function
has been fit to these points (Table 1). It is the ‘production function of the world.” Second,
the 1965 curve is a subset of the 1990 curve. The capital-labour ratio in 1990 ranged from
$223 to $73459 with sixteen countries above $30,000. In 1965, only two countries had
capital-labour ratios above $30,000. Below that value, the data points in 1965 and 1990
overlap, i.e there was no upward shift of the production function in this interval, in other
words, no technical progress. This stagnation continued through 2000 (Badunenko,
Henderson, Zelenyuk 2008 and Badunenko, Henderson, Russell 2008). Since 1965,
improvements in technology involved pushing capital-labour ratios above $30,000 and
thereby achieving greater output per worker. Third, the function flattens out as the capital-
labour ratio rises. This means that only high wage economies found it profitable to adopt the
new technology of 1990. The USA, for instance, found that greater capital intensity paid, and
its income rose accordingly. It would not have paid to adopt the new technology in Sierre
Leone, however, no matter how good were its institutions, so it was not adopted there, and
Sierra Leone remained poor.

The kind of improvement in technology that occurred between 1965 and 1990 cannot
be detected by fitting a production function to the data and looking for a structural break (e.g.
Table 1, regression 2) or by using a total factor productivity index exact for that production
function.

How can this kind of technical progress be detected? Kumar and Russell’s solution
was to fit frontier production functions to the two cross sections. Their frontiers are shown in
Figure 2. Between 1965 and 1990, there was no technical progress at capital intensities
below $17,500 per worker. All of the progress in those years occurred at higher capital-
labour ratios and, indeed, pushed those ratios higher. Kumar and Russell reject Hicks
neutrality and Harrod neutrality as adequate descriptions of technical change or explanations
for the rise in output per worker.

Technological change during the Industrial Revolution can be described in the same
terms Kumar and Russell apply to post-1965 technology. Arkwright’s spinning mill, for
instance, was an advance that significantly raised the capital-labour ratio and output per
worker. There was no increase in efficiency at low capital-labour ratios (e.g. the spinning
wheel or whorl and drop spindle). The Arkwright mill was only profitable to install where
labour was expensive relative to capital (Allen 2009a). The question is: what happened
between the Industrial Revolution and 1965? Was technical change local or neutral? And
what are the implications for economic development? This paper aims to find out.

Data

These questions will be pursued by extending the 1965 Penn world table data back to
the Industrial Revolution. This cannot be done for all countries, but it can be done for enough
to provide a historical dimension to the modern cross-sections. This paper uses historical
reconstructions for the USA, the UK, the Netherlands, Belgium, France, Germany, Italy,
Norway, Denmark, Switzerland, Spain, Japan, Taiwan, South Korea, India, Mexico, and
Argentina. Not all of the reconstructions are equally long, but all extend back to at least the
First World War.

are not yet available to follow them in these extensions.
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Maddison (1995, 2001, 2006) pioneered this kind of historical reconstruction with his
widely used GDP series. He began with a cross section of PPP adjusted GDP estimates (most
recently measured in 1990 international Geary-Khamis dollars) and extrapolated them
backwards with national estimates of the growth of real GDP to produce estimates of GDP in
1990 dollars for hundreds of years into the past. I proceed similarly. GDP and the capital
stock (both measured in 1985 international dollars in Penn World Table 5.6) are projected
backwards by using national studies and, for GDP, often using Maddison’s results. National
estimates of the labour force or occupied population are likewise used to extend the number
of workers in 1965 back into the past. The result is a data set beginning in the eighteenth
century with GDP per worker and capital per worker measured in 1985 international dollars.
(See Appendix for details.) In this paper, I concentrate on cross sections of the data for 1820,
1850, 1880, 1913, and 1939, which are compared with the PWT cross sections for 1965 and
1990.

Frontier Production Functions

Before fitting production functions, it is instructive to look at the data themselves.
They show that much progress consisted of concurrent increases in output per worker and
capital per worker. Figure 3 plots output per worker against capital per worker for 1820
through 1913. In 1820, the points are concentrated in the lower left hand corner where the
maximum capital-labour ratio was realized in the Netherlands ($3521/worker) and the highest
labour productivity in the UK ($4408 per worker). As the nineteenth century unfolded, the
points moved upward and to the right. As the leading economies moved beyond a capital-
labour ratio, there was no further increase in output per worker at that capital-intensity.
Technological change did not ‘trickle down’ to poor economies—change, in other words, was
not neutral.

These patterns continued across the twentieth century (Figure 4). The predominant
pattern from one time period to the next is the movement of points upward and to the right,
although some countries remain stuck in the lower left. The countries that did not develop
had a capital-labour ratio and output per worker in 1990 that were as low as the ratios
characteristic of 1820.

These observations can be formalized by fitting frontiers to the data as Kumar and
Russell did. Figure 5 shows frontiers for 1820, 1850, 1880, and 1913. The pattern is
identical to Figure 2 with all of the change extending the previously highest capital-labour
ratio. There was no improvement in output per worker at lower capital intensity. Figure 6
shows twentieth century frontiers, and again both patterns are repeated. Biased technical
change amounting to the extension of the production possibilities to higher and higher
capital-labour ratios has been a fundamental feature of economic growth since the industrial
revolution. Conversely, there has been no improvement in labour productivity for countries
that did not accumulate capital.

There are three ways that a country can increase output per worker in the Kumar-
Russell framework. First, a country below a frontier could increase its efficiency by rising to
the frontier (efficiency improvement). Second, a country could raise capital per worker by
moving along a frontier to the right (capital accumulation). Third, a country could jump
vertically to a higher frontier (technical progress). The latter two are relevant to long run
economic growth. What is their relative importance? Suppose we compare the UK in 1820,
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which realized $4408 per worker with $1841 capital per worker, to the USA in 1990 with
output per worker of $36701 and capital per worker of $34705. Each was on the frontier and
defined a high corner, so efficiency improvement does not apply. There are two sequences to
convert the UK in to the USA. One is to first increase capital per worker to $34705 by
moving along the 1820 frontier and then to jump vertically to the 1990 frontier. In this case,
the increase in capital per worker causes no increase in output per worker, and the entire
difference in output per worker between the two cases is due to improvements in technology.
The second way to raise output per worker in the UK is, first, to jump to the 1990 frontier and
then to move along it by accumulating capital. In 1990, a capital-labour ratio of $1841
implies output per worker of $7672. Along this path, technical progress raises output per
worker by $3264 (=$7672-$4408), which is 10% of the difference between the UK in 1820
and the USA in 1990. The remaining 90% of the difference is due to capital accumulation.
One path attributes economic growth to technical change, the other almost enitrely to capital
deepening. When technical progress and capital accumulation occur concurrently, separate
contributions cannot be identified. Standard growth accounting rules out this possibility by
assuming the technical progress is Hicks neutral (Hulten 1973).

The frontier production functions suggest two related conclusions. First, technical
improvements have been limited to upward shifts in the production function only at the
highest capital-labour ratios in use. Second, as a corollary, there have been no improvements
in efficiency at any capital labour ratio once the locus of advance has moved to a higher
capital-labour ratio.

Frontiers and the Stylized Facts

These conclusions could be challenged with an alternative interpretation based on the
standard Solow growth model. The initial rising portions of the various frontiers in Figures 5
and 6 are almost on top of each other and suggest that the capital-output ratio was constant,
one of Kaldor’s (1957, p. 592) stylized facts of economic growth. This ‘fact’ can be
explained with a simple growth model consisting of a constant returns to scale neoclassical
production function, labour augmenting technical change, and a constant savings rate out of
total output. That model implies a steady state growth path with a constant capital-output
ratio. Since labour augmenting technical change is a maintained assumption, Figures 5 and 6
are consistent with labour augmenting technical change as well as with the biased and local
technical change suggested by the movements of the frontiers.

This interpretation is not sustained, however, if we analyse all of the data points rather
than the outliers that define the frontiers. The hypothesis that the capital output ratio is a
constant can be tested econometrically. Since Y/K=a (a constant), (Y/L)/(K/L) = a, or, in
logarithms, InY/L = In(a) + InK/L. This is a special case of the Cobb-Douglas function InY/L
=In(a) + b*InK/L where b = 1. The function estimated from the 1965 and 1990 cross
sections in Table 1 had b = .586, which was 15 standard deviations (.027) below 1, so the
hypothesis that b =1 is easily rejected. The same is true with the other versions of this
function we discuss.

Accounting for Economic Growth with Cobb-Douglas Production Functions

The Cobb-Douglas function is useful in its own right since it provides a framework
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for searching directly for neutral technical change. Table 2 shows Cobb-Douglas functions
estimated from the panel of countries with long term historical data. The functions were
estimated with and without country fixed effects and dummy variables indicating the cross
sections. Cobb-Douglas functions with time trends or time period dummies test for all forms
of neutral technical change since they cannot be distinguished with this specification.” Most
of the country dummy variables are statistically significant, and the coefficients are generally
plausible. The USA and the UK, for instance, were the most efficient countries. Plausibility
is also important since it provides some warrant for trusting the data: The country fixed
effects would pick up country specific idiosyncrasies in data construction, but none stand out.

An important feature of the production functions estimated from the panel data set is
that they correspond closely to the 1965-1990 cross section of Penn World Table data. The
intercept and coefficient of the InK/L variable in Table 1 and Table 2, regression 3, are almost
the same. The intercept in the panel regression varies depending on which country dummy is
excluded. In Table 2, that is Japan. With that normalization, the modern cross section of
countries summarizes the historical path of development experienced by the sample of
leading economies.

The coefficients of the time dummies in Table 2 called into question the assumption
of local technical change, for they indicate neutral technical change that accelerated after
1880. The time dummies before 1965 have negative coefficients showing that productivity
was lower in those years than in 1990. The discount declines in magnitude and significance
from 1880 to 1965, as productivity increases. The period from 1965 to 1990 stands out as
unusual in that it is the only one without an upward shift in the function. This absence
corresponds to Kumar and Russell’s finding that there was only non-neutral technical change
in this period. However, the significant time dummies suggest that there was neutral
technical change between1880 and1965. Not surprisingly, this is the same period for which
many growth accounting studies have found rising total factor productivity.

The apparent neutrality, however, is the result of a specification error. The
regressions in Table 2 constrain the rate of productivity growth to be the same across the
sample. We can relax that assumption by dividing the sample according to the capital labour
ratio. Table 3 reports Cobb-Douglas functions estimated over such ranges. The sub-sample
with a K/L ratio less than $5000 includes observations of the poorest countries today and of
the early phase of industrialization in today’s richest countries. The time dummies in the
estimated production function are insignificant indicating that today’s poor countries are no
more efficient than the rich countries at the beginning of their growth experience. This
remarkable finding is illustrated by Figure 7, which plots the data for these countries. The
successive cross sections for the last two centuries overlap impressively.

It was a different story at higher capital-labour ratios. 1880 was the first cross section
in which any county was operating with a capital-labour ratio above $5000 per worker.
Today’s rich countries had capital-labour ratios between $5000 and $10000 for the next fifty
to seventy-five years, and they were joined by middle income countries in this period. There

*The Cobb-Douglas function incorporates the assumption that the elasticity of
substitution between labour and capital equals one. This assumption was tested by estimating
CES functions on the two data sets. With specifications including time trends or period
dummy variables, the null hypothesis that the elasticity of substitution equals one was easily
accepted in both data sets.
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was a steady upward shift in the production function in this K/L range between 1880 and
1965. No further improvements in efficiency have been made since then, however.

This process was replicated at K/L ratios above $10000. Today’s rich countries began
operating in this region in the 1913 cross section. Productivity increased in successive cross
sections until 1965. Between 1965 and 1990, there were no further improvements.

Similar conclusions are supported by specifications which include time as a
continuous variable rather than as a series of dummies (Tables 4 and 5). When the K/L ratio
is less than $5000, productivity grew at 0.2% per year. Statistically, the coefficient was on
the boarder of significance, but it is so small as to be negligible. With high K/L, productivity
grew faster and was historically important. The progression is particularly striking in the
regressions with fixed effects. In these, the productivity growth rate increased uniformly with
the K/ ratio from 0.2% per year to 1.7%. When the regression was estimated across the
whole sample (column 1), the estimated rate of productivity growth was in the middle of the
rates for the various K/L ranges.

The Process of Technical Change

We can learn more about the roles of neutral and local technical change by looking at
the way in which today’s world production function was created. It was invented by a
limited number of rich OECD countries—the UK, USA, Netherlands, Germany, France,
Belgium, Norway, and Switzerland (although only the first five are present in the 1820
sample). They increased the capital-labour ratio in steps, which can be seen in Figures 8-9
Between 1820 and 1850, the average position of the leading economies moved upward and to
the right, but there was little increased in maximum output per worker. Considerably larger
shifts in a northeasterly direction occurred in 1850-1880, when capital-labour ratios between
$5000 and $9000 where first explored, and in1880-1913, when capital per worker rose to
$9000-$12,000. Output per worker rose little between 1913 and 1939, but capital intensity
was pushed to $20,000 per worker. Between 1939 and 1965, output per worker was pushed
to new heights and capital per worker was raised to $40,000. By 1990, the pioneers increased
capital per worker to over $73,000 per worker, and output per worker reached $38,000.

Different countries played different roles in this upward progression. We can
distinguish high flyers from accumulators. In the period 1850-80, three countries kept capital
per worker at about $4000 but raised output per worker to about $7000. These countries were
the USA, the UK, and the Netherlands, and they remained leaders over the entire period.
These high flyers defined the corners of the frontiers—the UK and the USA in 1880 and 1913,
the UK and the Netherlands in 1939, and the USA in 1965 and 1990. In these years, the UK
and the Netherlands were just below the frontier. The high productivity of these countries
stands out if their growth trajectories are plotted against the background of the 1965 and 1990
cross sections. The UK trajectory runs along the top of these points (Figure 10), and the USA
trajectory jumps above them when the USA overtook the UK (Figure 11).

The inventiveness of the high flyers was underpinned by favourable institutions. The
US and the UK had modern patent systems throughout. The Netherlands operated without
patents from 1869 to 1912. In all three countries, businesses and government agencies
carried out research. Universities in these countries, as well as in countries like Germany,
also undertook basic and applied research. Professional and trade associations created
research networks that contributed to progress. Collective invention in which firms shared
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technical information and built on each others successes was also important (Allen 1983). As
the twentieth century progressed, governments spent more and more money on research, often
with military applications in mind. Some technological advance was due to scientific
breakthroughs, but most improvements were either the result of ‘learning by doing’ or were
produced by research and development projects aimed at solving immediate problems or,
more generally, increasing the profitability of the firms undertaking the research (Nelson and
Wright 1992). As a result, the new technology was most appropriate for the factor prices and
other circumstances of the rich countries doing the inventing.

The second group of leading countries—Germany, Belgium, France, Norway, and
Switzerland—were the accumulators. Their movements were more horizontal than vertical.
The accumulators operated with higher capital-labour ratios and realized lower output per
worker than the high flyers. Investment banks were more important sources of industrial
finance in continental Europe than they were in the UK or USA, and that institutional
difference may be the reason that capital-labour ratios were higher on the continent
(Gerschnkron 1962, Fohlin 2007).

The greater emphasis on the role of capital accumulation in the continental countries
means that their growth trajectories were on the low side of the scatter of point defined by the
1965-90 PWT cross section. Germany and Switzerland are cases in point (Figures 12 and 13)

One to two generations were spent perfecting the technology at one capital-labour
ratio before the leading countries moved on to greater capital intensity. In 1850, for instance,
the pioneers got about $4000 per worker from a capital stock of $3000-5000 per worker. By
1880, the high fliers realized close to $8000 per worker with the same stock. By 1913, this
had increased to $9000, but by then inventive activity had shifted to higher capital-labour
ratios. Much of this improvement was realized by the accumulators who gained on the high
fliers. An important case was Germany’s catching up with Britain. France also made
considerable progress at the same time. Because the capital-labour ratios of the accumulators
were at least as great as those of the high flyers, there was little difference between the
accumulators and the high fliers in their relative factor prices. As a result, technology was
easily transferable among them. The catch-up of the accumulators corresponds to some of the
convergence among OECD countries that has been measured (Baumol 1986).

A similar development occurred at capital-labour ratios between $15,000 and $20,000
per worker in the twentieth century. There was a small advance between 1913 and 1939 and
a very much greater increase in output per worker between 1939 and 1965. This was
achieved with only a small increase in capital per worker. After that, the pioneer countries
moved to higher capital-labour ratios, and improvement ceased at capital-labour ratios below
$30000 per worker.

The high flyers led the advances among the pioneer economies, and the accumulators
were always playing ‘catch up’. One should not, however, exaggerate the backwardness of
the accumulators. Their productivity was never static, and they did not fall far behind.
Technological histories of these countries emphasize the creativeness of their science and
engineering. It is difficult to say what they would have done without the example of the high
fliers, but the accumulators were never very far behind them.

Economic Growth in Late Developers

While the accumulators began to grow in the early nineteenth century, economic
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growth in most countries did not begin until the late nineteenth or twentieth centuries. An
important group are the convergers who have successfully industrialized and become rich
themseleves. This group includes peripheral countries in Europe (Italy, Spain, Denmark) as
well as in East Asia (Japan, S. Korean, and Taiwan). The convergers have never pushed
output per worker or capital per worker beyond existing limits. Instead, they have grown by
accumulating capital and moving up the world production function. This is shown by
plotting their growth trajectories against the 1965-90 cross sections.

The late developers have faced a problem, which has grown over time; namely, the
inappropriateness of the technology invented by rich countries. This problem is manifest in
the curvature of the world production function. The technology invented today, with its very
high capital-labour ratio, is only cost effective when the wage is high relative to the price of
capital. The easiest technology for poor countries to adopt is that of the nineteenth century,
which was invented when wages were much lower relative to the price of capital. Indeed, the
export industry that is most successful in most poor countries is clothing and apparel. The
basic implement is the sewing machine, which was developed in the 1850s. Electric sewing
machines were first marketed in 1889. This technology was invented in rich countries when
their wages were low and is the basis of industrial development in many poor countries
today—because it is appropriate to their conditions.

The European convergers began to grow when these disincentives were less than they
are today. Italy is a case in point. Figure 14 shows the history of output per worker and
capital per worker arrayed against the background of data points from the 1965 and 1990
cross sections. Italy’s growth follows the pattern defined by the world production function.
From 1861 to 1951, the Italian economy grew mainly by importing technology from advanced
countries, and this required the concurrent accumulation of capital. Investment banks
facilitated accumulation by channelling cheap capital to large scale industry. Productivity
was always about two-thirds of the value implied by the Cobb-Douglas production function in
Table 1. The only period in which neutral productivity growth played a major role was 1951-
73 when TFP in Italy rose to 35% above the level implied by the Cobb-Douglas production
function. That shift is noticeable in Figure 14 when the Italian growth trajectory shifts from
the low side to the high side of the scatter of points. The motor of Italian growth, however,
has been the importing of technology and the accumulation of capital as the country has
worked its way up the world production function.

Some of the convergers are famous for the speed of their catch-up. These bursts were
preceded by longer periods of slow growth. Japan, for instance, had a capital-labour ratio of
only $569 in 1870. Growth over the next seventy years raised this to $2409 in 1940. This
was a radical enough transformation to generate a vast literature on the economic
consequences of the Meiji restoration. Capital per worker was, however, still no higher than
it had been in the UK in 1860.

Japan followed an unusual technology policy in this period, which has been called
‘labour-intensive industrialization.” (Sugihara 2002, 2010) The first state initiatives to
import Western technology in the 1870s were unsuccessful since foreign plants were too
capital-intensive for Japan. Systematic efforts were made to alter western technology to
increase the productivity of capital, the scarce input. The changes spanned the gamut from
increasing the number of hours per day that cotton mills operated to standardizing products
with the aim of boosting output per machine to redesigning equipment. These changes
increased output per worker at low capital-labour ratios by allowing modern methods to be
used in a less capital-intensive manner (Otsuka et al. 1988). Likewise, agricultural research
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aimed to raise land productivity rather than mechanize farming (Hayami and Ruttan 1971).
This also boosted output per worker without increasing capital per worker. The results were
manifest in an unusual increase in total factor productivity: in 1870, Japan operated at only
38% of the efficiency implied by the world production function; by 1940, the country’s
productivity rose to 77% of that standard.

The theoretical literature on appropriate technology indicates that a rise in the savings
rate can have unusually powerful effects on growth since it allows a country to jump up to a
higher point on the world production function. Japan’s post-war growth was a big push from
this gradually accumulated base, as Figure 15 suggests. Output per worker, however, sagged
during the great catch-up. The rapid growth of Taiwan and South Korea since 1965 was also
preceded by a period of gradually economic growth when their were Japanese colonies.
Rapid growth was realized by accumulating capital and moving up the world production
function rapidly, although Taiwan shows a tendency to low efficiency like Japan (Figure 16).

The final group of countries are the slow movers that have not grown rapidly. India is
the most extreme example in the data set (Figure 17). Between 1860 and 1990, it
accumulated little capital and achieved little growth. Its capital-labour ratio in 1990 ($1946)
and labour productivity ($3235) were like Britain’s in 1820 ($1841 and $4408, respectively).
Mexico and Argentina have grown more but not caught up with the leading economies. Both
countries have exhibited above average efficiency for many years (Figures 18 and 19) but
have not imported enough advanced technology nor accumulated enough capital to catch up
with the leaders. On the contrary, Argentina was a rich country before the first World War.
The immediate reason it fell behind was because its capital stock per worker in 1965 ($5555)
was little above its 1913 value ($4779). These countries need to accumulate capital in the
massive way that East Asian economies have done since 1960 in order to close the gap with
the West.

conclusion

The PWT data set for 1965 and 1990 does act as a world production frontier for the
period 1820-1990. The frontier was not known to people in 1820, however. It was
discovered in the nineteenth and twentieth centuries.

The process of discovery had earlier roots. Already in 1820, income per head was
considerably higher in northwestern Europe and the United States than it was elsewhere in the
world. Capital intensity was also much higher. The USA and the countries of northwestern
Europe all used several thousand dollars of capital per worker. India and Japan in the mid-
nineteenth century were only using about $500. The effects of high capital intensity were also
visible in the labour market: real wages were much higher in England, the Netherlands, and
the USA than elsewhere in the world (Allen 2001, 2007, 2009a, Allen, Bassino, Ma, Moll-
Murata, van Zaden 2007).

The nineteenth and twentieth centuries saw great improvement in technology.
Advance was accomplished in two stages: First, pioneer economies invented technology that
was more capital intensive and had higher labour productivity than was used previously.
Second, labour productivity was pushed up as the newly invented technology was perfected.
This phase of improvement lasted several generations. After it was completed, there were no
further improvements in efficiency at the level of capital intensity in question. The
production function has been stable since only the rich invent new technology. Once they
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have progressed beyond a capital-labour ratio, they stop investing in technological
improvements below that ratio. The result is the ‘world production function’ defined by the
1965 and 1990 PWT cross sections. The invention of the world production function was the
result of upward leaps to higher and higher capital-labour ratios (the local technical change
emphasized by Kumar and Russell) followed by half a century of increases in output per
worker in that K/L range (which shows up as the neutral improvements in Tables 2-5).

The pioneer economies over these centuries have been the UK, the USA, and the
Netherlands. The first two are the usual suspects; the Dutch are a surprise. The Dutch
Republic, however, was the wonder economy of the seventeenth century, and the country had
a very high income into the nineteenth century. Perhaps because they had no domestic cotton
industry and lacked coal, the Dutch did not invent the technology of the industrial revolution.
Instead, high incomes yielded high savings that were invested in low profit projects like land
reclamation. This was manifest in the high capital-labour ratio in 1820 (De Vries and van der
Woude 1997). However, that imbalance was overcome by 1850, and the Dutch joined the
Americans and Brits in pushing capital-intensive technology forward.

It is not a surprise why these economies were the leaders. They had supportive
institutions and culture, but they also had powerful economic incentives leading them on. It
is very important in this regard that technological progress has been local. If it were neutral,
then every country in the world would have faced the same incentive to invent it since costs
would have fallen whatever the factor prices. With local technical change, however, the cost
saving depends on the factor prices. The technology invented in the West cut costs more
where wages were high relative to capital costs than where wages were low. Furthermore,
invention was never free: the economic benefits of new technology had to be set against the
R&D costs of inventing it. At the end of the eighteenth century, the economies with high
wages were England, the USA, and the Low Countries. Those were the places in the world
where it paid to invent labour saving technology (Allen 2009a).

The process of development became self-reinforcing. The wide-spread adoption of
the new technology raised wages in northwestern Europe and North America. Higher wages
created an incentive to invent even more capital-intensive technology. The result was a
ascending spiral of progress.

The spiral led to unequal development since the newly invented technology was not
cost-effective in low wage economies. There have been exceptions: Sometimes techniques
have been perfected enough to lower costs even when labour is cheap. Then some economic
growth happens on the periphery. Otherwise, the poor countries can only grow by
accumulating capital and crawling up the world production function estimated in Table 1.
The most successful countries have developed institutions to lower the cost of capital to
industry, thereby, making capital-intensive technology more profitable than it otherwise
would have been. Investment banks performed that function in countries like Italy. In East
Asia, where the challenges were greater because the countries were further behind at the start
of their industrialization, a panoply of government industrial and financial policies have
played the same role.
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Table 1

World Production Function: PWT 1965-90 Cross Section

Dependent variable is In(Y/L). T-ratios in parentheses.

(1) (2)
constant 3.951 3.941
(16.352) (16.084)
In(K/L) .586 .589
(21.604) (20.621)
d1890 -0.025
(-0.306)
R? .806 .807

observations 114 114



World Production Function: Historical Panel Data Set

dependent variable is In(Y/L) in all regressions. T-ratios in parentheses.

(D
constant 2.665
(10.218)
In(K/L) 714
(24.012)
D1820
D1850
D1880
D1913
D1939
D1965
country
fixed No
effects?
R? 872

observations 87

2)

3.852
(10.818)

.607
(17.651)

-513
(-2.975)

-.521
(-3.436)

-.553
(-4.157)

-.378
(-3.031)

-.222
(-1.858)

017
(.156)

No

910

87

3)

3.972
(8.178)

570
(11.204)

~780
(-4.513)

-.693
(-4.640)

-.625
(-4.633)

-.439
(-3.799)

-.288
(-2.908)

-.022
(-.283)

Yes

978

87
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Table 3

Perfection of Technology at Various Capital-Labour Ratios
Historical Panel Data Set

dependent variable is In(Y/L) in all regressions. T-ratios in parentheses.

(D) () 3)

K/L < $5000 $5000 <K/L < $10000  $10000 < K/L

constant 3.359 6.604 6.144
(4.624) (4.336) (4.072)
In(K/L) .593 .268 352
(6.974) (1.508) (2.262)
D1820 -.305
(-1.242)
D1850 -.247
(-1.146)
D1880 -.169 -.939
(-.844) (-4.056)
D1913 -.058 -571 -.803
(-.315) (-3.419) (-5.743)
D1939 .079 -.326 -.544
(.487) (-2.671) (-5.912)
D1965 -.090
(-.583)
R? .982 .998 979
observations 37 20 30

note: All regressions include country fixed effects.
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Table 4

Cobb-Douglas Functions for K/L ranges, no fixed effects

dependent variable is In(Y/L) in all regressions. T-ratios in parentheses.

(D 2) 3) 4)
All K/L <$5000 $5000 <K/L <$10000  $10000 < K/L
constant 3.116 2.583 3.435 4.690
(12.723) (5.424) (1.815) (5.696)
In(K/L) 613 705 478 332
(18.764) (11.579) (2.257) (3.373)
time 004 002 012 012
(5.149) (2.212) (7.772) (5.585)
R? 902 798 777 790

observations 89 37 21 31
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Table 5

Cobb-Douglas Functions for K/L ranges, with country fixed effects

dependent variable is In(Y/L) in all regressions. T-ratios in parentheses.

(D () 3) “4)
All K/L < $5000 $5000 <K/L. <$10000 $10000 < K/L

constant 3.780 4.134 5.204 5.721
(12.696) (6.938) (5.422) (6.764)

In(K/L) 577 .560 .339 155
(13.947) (7.021) (2.567) (1.201)

time .005 .002 .010 .017
(6.460) (1.964) (5.611) (5.551)

R? 974 974 .997 .966

observations 89 37 21 31
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Figure 1

The 1965 and 1990 Cross Sections
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Figure 2

Kumar-Russell Frontier Production Functions
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Figure 3

GDP and K per worker, 1820-1913
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Figure 4

GDP and K per worker, 1913-1990
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Figure 5

frontiers: 1820-1913
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Figure 6

frontiers: 1913-1990
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Figure 7

Output per Worker versus Capital per Worker
when Capital-Labour ratio is less than $5000
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Figure 8

The Pioneers, 1820-1913
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Figure 9

The Pioneers, 1913-1990
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Figure 10

UK growth trajectory
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Figure 11

USA growth trajectory
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Figure 12

German growth trajectory
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Figure 13

Swiss growth trajectory
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Figure 14

Italian growth trajectory
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Figure 15

Japanese growth trajectory
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Figure 16

Taiwan growth trajectory
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Figure 17

Indian growth trajectory
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Figure 18

Mexican growth trajectory
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Figure 19

Argentine growth trajectory
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Appendix
Data Sources

Historical data are backward extrapolations of the 1965 values of two variables in the
Penn World Table 5.6 The variables were RDGPW (Real GDP per Worker (1985
international prices)) and KAPW (Capital Stock per Worker (1985 international prices)).
Data downloaded from the website of the University of Toronto, Computing in the
Humanities and Social Sciences (http://datacentre2.chass.utoronto.ca/pwt56/subjects.html)

To extrapolate the 1965 values backwards, it was necessary to have figures for real
GDP, the real capital stock, and the work force for each country. Real GDP per worker and
real capital stock per worker were calculated from the national data to extrapolate the 1965
values backwards country by country. Following are the sources for these series and mention
of some issues that arose in doing the calculations.

USA

labour force:
1800-1860 Weiss (1992, p. 22).
1870ff U.S. Bureau of the Census (1975) series D167.

GDP: Maddison (2006).

Capital Stock: Gallman (1992, p. 89), with some interpolations using Goldsmith 114 (7)

UK

The data were adjusted to produce a uniform series for Great Britain and Northern Ireland to
match the 1965 data, which for the UK at that date.

labour force:

1920-1965: working population from Feinstein (1976, T125-7, col. 5)

1860-1920: 1920 figure extrapolated backwards using Feinstein’s series for the working
population for Great Britain plus Ireland.

1820-1850: occupied population in Great Britain increased by 10%. This agrees with 1860
figure. Great Britain occupied population from Deane and Cole (1969, p. 143). They data are
for years ending in 1 like 1801 and 1811. Figures for 1800 etc were estimated on the
assumption that the occupied population grew at a constant rate over each decade.

GDP: Maddison (2006).

Capital Stock

1920-1965 net capital stock from Feinstein (1976, T97, col 9). The link from interwar
(valued in 1938 prices) and post-war (valued in 1958 prices) was effected with the values of
the gross stock for 1938 given in both sets of prices in column 5.

1850-1920: 1920 value extrapolated backwards using the real net stock value for the United
Kingdom given Feinstein (1988, p. 441, Col. 7).
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1820-1850:extrapolated with capital stock values calculated for Great Britain for Allen
(2009b).

Germany

labour force

1820-1850: 1850 figure backcast with Maddison’s (2006) population for Germany.
1850-1959: Hoffmann (1965, p. 204-6, col. 9) with some minor interpolations to fill gaps
1965: extrapolated from 1959 figure using Maddison’s (2006) population for Germany.

GDP

1804-1850: Hoffmann’s (1965, pp. 454-5, col. 10) figures for value added in agriculture,
industry, and services in 1850 were extrapolated back to 1804 using Prussian real output
series for agriculture (gross production minus seed, p. 395), industry (p. 420), and services
(assumed proportional to German population according to Maddison 2006). Some
interpolations were made. The estimate of real GDP moves similarly to Maddison’s (2006)
series for Germany over the period.

1850-1959:Hoffmann (1965, pp. 827-8, col. 5).

1959-1965: Maddison (2006) GDP for Germany

capital stock

1804-1850: Hoffman’s 1965, p. 253, estimates of the components of the capital stock in 1850
were grouped in categories (agriculture, buildings, and railways) and each was extrapolated
back to 1804 using Prussian capital stock data. The corresponding Prussian time series were
value of livestock (Tilly 1978, vol. I, p. 392), value of buildings (p. 402, col. 3, and p. 400),
railways (p. 416).

1850-1959: Hoffmann (1965, pp. 253-4, col. 7).

India
figures are for undivided India

labour force: assumed proportional to population, which was taken from Heston (1983, p.
394), and Goldsmith (1983, p. 3).

GDP

1820-1868: assumed equal to 1868

1868-1946:Heston (1983, pp. 394, 397-9, 402).

1946 and 1948: real per capita GDP assumed to be equal in undivided India in 1946 and the
new country of India in 1948.

1948-1965: Goldsmith (1983, p. 142-3). Figures for independent India

capital stock

1820, 1850: per capita values assumed to equal 1860 per capita value.

1860-1913: The 1913 value of the reproducible net capital stock in 1951 prices (as below)
was extrapolated backward with index of real capital stock defined as nominal productive



38

capital stock (structures, equipment, and livestock) deflated by wholesale price index from
Goldsmith (1983, pp. 5, 61).

1913-1946: reproducible net capital stock in 1951 prices in Goldsmith (1983, p. 81)

1949: per capita real capital stock assumed to equal 1946 value.

1949, 1960, 1970: 1949 value extrapolated forward using real net stock of reproducible
tangible assets on Goldsmith (1983, p. 158).

1965: interpolated from 1960 and 1970 nominal values using time series of national savings
on Goldsmith 1983, pp. 158, 160.

Japan

labour force

1870-1905: the 1905 figure was extrapolated backwards with Maddison’s (2006) population
estimate.

1905-65: ‘gainfully employed population’ from Ohkawa and Rosovsky (1973, pp. 310-11)

GDP-Maddison (2006).
capital stock

1870: capital per worker assumed the same as in 1874
1874-1905: Okhawa (1966, p. 148).

1905-1960: Okhawa (1966, p. 262).

1960-1965: Ohkawa and Rosovsky (1973, pp. 315.)

Argentina

labour force—
1900-1913: extrapolated from 1913 value below with population from Maddison (2006).
1913-1984: Della Paolera and Taylor (2003, CD ROM), series L1

gdp—Maddison (2006).

capital stock

1900-1913: 1913 value below extrapolated back with ECLA series Hofman KE from Della
Paolera and Taylor (2003, CD ROM)

1913-1984: Della Paolera and Taylor (2003, CD ROM), series KZI

Netherlands

labour force

1800-1913: persons employed in 1913 extrapolated back with population from Maddison
(2006).

1913-1965: persons employed from van Ark and de Jong (1996, pp. 40-1).

GDP
1800-1913: van Zanden (n.d.)
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1913-1965: capital stock in 1913 extended with Maddison (2006).

capital stock
1800-1913: van Zanden (n.d.)
1913-1965: capital stock in 1913 extended with van Ark and de Jong (1996, pp. 40-1).

Spain
labour force—assumed proportional to population, which was from Maddison (2006).
GPD-Maddison (2006).

capital stock—Prados de la Escosura and Rosés (2010), Table A-4, col. B. I am grateful to
Leandro Prados for providing these data in a spreadsheet.

Taiwan
labour force—assumed proportional to population, which was from Maddison (2006).

GPD
1901-1912: Mizoguchi (2005, Table 1).
1912-1965-Maddison (2006).

capital stock

1901-1940: Mizoguchi (2005, Table 3) provides investment at ten year intervals and annual
gdp. Investment rates computed at ten year intervals and intervening values interpolated.
Capital stock calculated with perpetual inventory method.

1940: capital output ratio assumed the same as 1951.

1951-1965: Chow and Lin (2002 , pp. 513-4), capital stock K1

Korea

labour force—assumed proportional to population, which was from Maddison (2006).
GPD-Maddison (2006).

capital stock—

1911-1940 value back cast with Mizoguchi’s (2000) growth rate of the real capital stock.

1940—capital-ouput ratio assumed to be same as 1953
1953-65: Timmer and van Ark (2000, pp. 25-6), GFCS without residences

Mexico, France, Italy, Belgium, Denmark, Norway, Switzerland

The aggregates for these countries were reconstructed in essentially the same way. Real GDP
and population were taken from Maddison (2006). It was assumed that the labour force and
population grew at the same rate. The capital stocks were estimated by computing the
capital-output ratio in nominal prices from Goldsmith (1985, Appendix A). The capital stock
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was taken to be structures, equipment, and livestock. Generally, Goldsmith’s benchmark
years are the same as those used here. Occasionally interpolations were necessary.
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