WORKERS, MACHINES, AND ECONOMIC GROWTH*

JOSEPH ZEIRA

This paper analyzes a model of economic growth, with technological innova-
tions that reduce labor requirements but raise capital requirements. The paper
has two main results. The first is that such technological innovations are not
everywhere adopted, but only in countries with high productivity. The second
result is that technology adoption significantly amplifies differences in productiv-
ity between countries. This paper can, therefore, add to our understanding of large
and persistent international differences in output per capita. The model also helps
to explain other growth phenomena, like divergence or periods of rapid growth.

I. INTRODUCTION

Economists usually view technological innovations as new
methods of production, which enable producers to increase output
without increasing inputs. This is equivalent to saying that
technological innovations enable producers to reduce the required
amounts of all inputs per unit of output. But this view on technical
progress does not fit many important innovations, which have
contributed to economic growth since the industrial revolution.
One type of such innovations are machines that have replaced
workers in production, such as the steam engine, the train, the
automobile, the computer, and many more, which reduced labor
inputs, but at the same time increased capital inputs. Another
type of such innovations replaces nonskilled with skilled labor.
This paper examines how removing the standard assumption, and
instead considering innovations, which replace one input by
another, affects the analysis of technology adoption and of eco-
nomic growth. The paper has two main results. First, technologi-
cal innovations are not everywhere adopted by producers. Technol-
ogy adoption depends on the prices of the factors of production,
and when these are endogenized it depends on the productivity of
the country and on the discount rate. Second, technology adoption
amplifies differences in underlying parameters and contributes to
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the explanation of large observed international differences in
output per capita.

The main idea of the paper is presented by a model of
economic growth and adoption of technologies that replace work-
ers by machines. In this model the final output is produced by
many intermediate goods, where each can be produced either by a
manual technology or by an industrial technology after it is
invented. The choice of technology depends crucially on wages and
on interest rates. Higher wages induce adoption of the industrial
technology, since it saves labor, while higher interest rates reduce
technology adoption. Since we assume full capital mobility, inter-
est rates are equal everywhere, but wages differ across countries
and so does technology adoption. More specifically, we show that
some countries adopt all new technologies and stay at the
technological frontier, while other countries might stop adopting
technologies at some point and remain technologically backward.
The model then shows that technology adoption amplifies differ-
ences in underlying parameters between countries. Countries,
which differ slightly in their basic productivity, might follow very
different paths of technology adoption and economic growth.

The results of the paper can be explained by the overlap
between the decisions of technology choice and of factors’ choice. If
producers adopt more technologies, they must increase the amount
of capital input in order to buy the necessary machines in which
these technologies are embodied.! Hence, the cost of capital might
be too large, and technologies might not be adopted. We can
therefore view the decision of technology adoption as a standard
decision of allocation along a production function (or along an
isoquant), where capital changes with technologies. But note that
this production function (or isoquant) differs from standard
production functions in being relatively flat. The reason is that
increasing the capital input enables adoption of better technolo-
gies, and thus the marginal productivity of capital does not fall by
much. Hence, the production function is flat, and small changes in
its slope can lead to large changes in capital, technology, and
output. This is the intuitive reason for the amplification effect of
technology adoption in this model.

The issue of international output differentials, to which our
model is applied, has always puzzled economists and has gained

1. Note, that in standard models of technology adoption producers can choose
to increase capital input as they adopt new technologies, but they do not have to,
since the new technology increases output for any combination of inputs.
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renewed interest lately with other issues in economic growth.2
As emphasized by Lucas [1990], large international differences
in output per capita stand in sharp contrast to standard eco-
nomic theory, especially in a world of capital mobility. Recent
empirical studies have shown that large output differentials
not only exist, but tend to persist over time.? This paper at-
tempts to reconcile these observations with the theory by focus-
ing on differences in technology across countries.* Such differ-
ences cannot result from differences in technology creation, since
most countries adopt innovations rather than invent them.
Hence, this paper concentrates on technology adoption across
countries.

Recently a number of explanations for differences in technol-
ogy adoption across countries have been offered: Grossman and
Helpman [1991, Ch. 6], Jovanovic and Lach [1991], and Parente
and Prescott [1994]. But these studies share the standard view on
technological innovations, namely that they enable production of
more with less inputs, and hence should be adopted by all. These
studies generate differences in technology adoption by assuming
adjustment costs to technology adoption. This paper instead
assumes no adjustment costs, and differences in technology
adoption are a result of the assumption that technical progress
requires greater capital inputs.

The paper can also be related to recent empirical cross-
country studies, which have attempted to identify exogenous
variables that explain international output differences.? These
studies find that much of the differences can be attributed to
geography, to resource endowments, to infrastructure, and to
political regime. Such variables can be viewed as components of
what is called productivity in this paper, that differs across
countries. These studies therefore find that differences in produc-
tivity may cause large differences in output per capita. This paper
provides a theoretical explanation for such a strong effect, through
the amplification effect of technology adoption.

2. The renewed interest in growth has followed the seminal papers of Baumol
[1986], Romer [1986], and Lucas [1988]. The issue of international growth
differentials is sometimes referred to as the question of convergence. See Baumol
[1986], Barro [1991], and Barro and Sala-i-Martin [1992].

3. See Maddison [1995], Ben-David [1994], Quah [1993, 1996], and Sala-i-
Martin [1994].

4. Other explanations of international differences refer to capital market
imperfections and nonconvexities of various sorts. See Galor and Zeira [1993],
Bénabou [1993], and others.

[ 5. See Sachs and Warner [1997], Hall and Jones [1997], and Sala-i-Martin
19971
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The paper is also related to the debate among economic
growth historians, which followed the work of Habbakuk
[1962]. He found that technical progress in the United States
had been more rapid than in Britain during the nineteenth
century. Habbakuk attributed it to higher wages due to greater
land abundance in the United States.® This paper, therefore,
offers a theoretical framework, which formalizes the Habbakuk
hypothesis in a general equilibrium model. Two other branches in
the growth literature of the sixties that are somehow relevant to
this paper are embodied technical progress and induced innova-
tions.” But that literature dealt with issues very different from
those discussed in this paper.

The paper is organized as follows. Section II presents an
expository example with one intermediate good, while Section ITI
presents the full model with many intermediate goods. Section IV
describes the equilibrium, and Section V presents the results on
economic growth and international output differentials. Section
VI explains the main results of the paper, and Section VII
presents two examples. Section VIII discusses the empirical
implications of the model with respect to the capital-output ratio.
Section IX concludes, and the mathematical proofs appear in the
Appendix.

II. AN EXPOSITORY EXAMPLE

Consider an economy with one final good Y which is used both
for consumption and for investment. The final good is produced by
an intermediate good X, which is produced by labor and capital.
The output of the final good is described by

@} Y = aX,

where @ is a productivity parameter, which might differ across
countries. The intermediate good is produced by labor and capital
in fixed proportions. There are two potential technologies. One is a
manual technology, according to which production of one unit of X
requires [, units of labor and %, units of capital (tools). The second
is an industrial technology, with unit requirements of /; units of

6. This debate is discussed in David [1975].

7. Vintage models of embodied technical progress began with Solow [1960]
and are reviewed in Burmeister and Dobell [1970, Ch. 3]. For discussions of
induced innovations see Hicks [1932], Kennedy [1962], Burmeister and Dobell
[1970, Ch. 31, and Champernowne [1963].
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labor and k; units of capital (a machine). We assume that
(2) I, <lyand k; > ky,

namely, the industrial technology saves labor but requires more
capital. This is the main assumption of the paper, and it is the
point of departure from standard models of technology adoption.
While the manual technology exists from time immemorial, the
industrial technology is invented at some time 7', and is available
only afterward. It is further assumed that capital in both technolo-
gies must be invested one period ahead of production and that it
fully depreciates after one period. Assume that there is a con-
tinuum of workers in the economy, of size 1. Assume further, that
the interest rate is fixed and equal to r. We denote the gross
interest rateby R =1 + r.

In this example workers maximize their net income: Y — R K,
where K is total capital input. Figure I presents the production
functions of both technologies, where F, describes the manual
technology and F; the industrial technology. Note that until
period T only the manual technology is used, and the economy is
at A (if a/R > k;). Once the industrial technology is invented,
producers can choose whether to adopt it or to continue to use the
manual technology. The new technology is adopted, and producers

a/l,

a/lo

ko/l k1,

FiGure I
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move from A to B, if
(3) a = a() = R(kllo - koll)/(lo - ll)

Diagrammatically, the new industrial technology is adopted if the
slope of the segment AB in Figure I is greater than or equal to R.
Note that this result depends crucially on the assumption that
capital requirements are greater under the new technology, since
otherwise the F; curve would be everywhere above the F, curve
and the new technology would be adopted for all @ and R. Hence,
this example shows that if technological innovation increases
capital requirements, it is not everywhere adopted. This is the
first main result of the paper.

Figure II describes the level of aggregate output as a function
of productivity a. Productivity affects output through two chan-
nels. One is the direct effect, which is shown by the positive slope
of the curve. The other channel is through technology adoption,
which leads to the sharp discontinuous rise in output at @, which
is the threshold of adopting the industrial technology. Hence,
technology adoption amplifies differences between countries, which
is the second result of the paper. The reason for the strong effect of

a,

FiGure I1
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a/R on output is the relative flatness of the production function in
the long run, since the envelope of production functions Fy and F
in Figure I is flatter than both.

III. THE MODEL

The model is set in a discrete time framework. We consider a
small open economy in a world with only one final good, which is
used both for consumption and for investment. This final good is
produced by a continuum of intermediate goods. The set of
intermediate goods is the interval [0,1]. Output of the final good is
described by

1
(4) log ¥, =loga + fo log (x;,) dj,

where Y, is output in period ¢, x;, is input of the intermediate good
J,and a is a productivity parameter, which is country specific. This
coefficient may reflect geography like land quality, climate and
access to sea, resource endowments, like land abundance and
natural resources, or even infrastructure, and should therefore
differ across countries. The specific Cobb-Douglas function (4) is
chosen for simplicity only, and the results carry through with
other production functions as well.

The intermediate goods are produced by labor and capital in
fixed proportions, where labor is a variable input and capital has
to be invested one period ahead of time and it fully depreciates
after one period of production. There are two potential technolo-
gies for production of intermediate goods. The first is a manual
technology, in which one unit of intermediate good j is produced by
1(j) units of labor and k¢(j) units of capital (tools). The second
technology is industrial, namely a machine that enables produc-
tion of the intermediate good with much less labor. Such technolo-
gies exist only for some of the intermediate goods. For each such
intermediate good j production of one unit requires /,(j) units of
labor and a machine made of £,(j) units of capital, where

(5) L) < 1)), and ky(j) > ko(j),

since a machine is costlier than the tools needed for manual
production. This is the basic assumption of the paper. It is useful
to define the following function A over intermediate goods, which
measures the capital required to reduce labor by one unit; namely,

(6) h(j) = (Ra(G) = ko(N/Lo(G) — Li(H)).
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Our main assumption is, therefore, that A(j) is positive for all j.
We now assume that the intermediate goods are ordered by
increasing capital cost of labor reduction, so that 4 is nondecreas-
ing in j. In order to ensure existence and uniqueness of equilib-
rium, we also assume that the functions [y, [;, k¢, k1, and h are
continuous.

As mentioned above, not all intermediate goods have indus-
trial technologies at each point in time, as these are invented over
time. Let us assume that these technologies are invented by the
order of increasing capital cost.® Namely, in each period ¢ the set of
intermediate goods, for which labor-replacing machines have
been invented, is [0,f;], where f; can be viewed as the technological
frontier at period ¢. Obviously, f; increases with ¢. In each period
t — 1, producers of intermediate goods 0 = j = f;_, for which
machines have already been invented, can choose between the old
manual technology or the new industrial technology for produc-
tion in period ¢. If they choose the industrial technology, we say
that this technology is adopted for production in period ¢. Note
that producers of the other intermediate goods, for which ma-
chines have not been invented yet, have no choice and they
continue to use the manual technology.

The economy has overlapping generations of individuals who
live two periods each, and their utility is

@) U= U(C1acz),

where ¢; and ¢y are consumption in the first and second periods of
life, and U is a standard utility function. Each individual supplies
one unit of labor only when young. We assume for simplicity that
there is no population growth and the size of each generation is
normalized to 1.°

All markets are assumed to be perfectly competitive. The
final good is assumed to be perfectly tradable, but the intermedi-
ate goods and labor are not tradable, and their markets are
domestic. Capital is assumed to be fully mobile. The world’s
interest rate is r, and the gross interest rate is R = 1 + r. There
are two reasons why we adopt the assumption of full capital
mobility. The first is to abstract from issues of saving, so that

8. This assumption is made to simplify the presentation only. Zeira [1996]
shows that the results are similar even if invention does not follow any specific
order.

9. The overlapping generations framework is not necessary and is used for
simplicity only. A representative consumer model would yield the same results,
since the model assumes full capital mobility for a small open economy.
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growth is affected only by technology adoption. The second reason
is the challenge presented by Lucas [1990], who claims that
international output differentials are more difficult to explain in a
world of capital mobility.

IV. EQUILIBRIUM

Let the final good serve as a numeraire. Denote wages in
period ¢ by w; and the prices of the intermediate goods by p;;,.
Denote by M, the set of all technologies that are adopted in period
t, namely, M, C [0,f,_1]is the set of all intermediate goods that use
machines in period £.

A technology is adopted if it reduces the costs of producing j,
namely if

(€©)) wdi(j) + Rk1(j) = wlo(j) + Rky()),
orif

9 h(j) = w/R.

The set of adopted technologies is therefore equal to
(10) M, = [0,f,_11 N {j: Rh(j) =w)}.

Hence, if wages are higher, the set of adopted technologies M, is
larger. Wages have a positive effect on technology adoption since
adoption involves purchasing machines that replace workers.
Higher wages provide an incentive to adopt more technologies.®

Since A is nondecreasing, we conclude that the set of adopted
technologies is an interval, that is

(11) M, =[0,m,],

where m, is the most recent technology adopted in the economy for
production in period ¢.
There are two cases.
1. Adoption of all existing technologies, so that m, = f;_,, and
w; = Rh(m,).
2. Adoption of some, but not all, existing technologies, when
Rh(my) =w;,and 0 =m, <f;_,.

We now turn to real wage determination. Profit maximization

10. This point was made by Habbakuk [1962] in his comparison of technical
progress in the United States and in Britain. Our model formalizes this point
within a general equilibrium model.
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by firms, which produce the final good, leads to the following
first-order condition:

Y, Y,

0Xjp  Xjy

12) Dj:

Each intermediate good is produced with constant marginal
productivities, and hence excess profits are driven to zero. The
zero profit conditions are

(13) D= RE(j) + wii()) if 0=j=m,
and
(14) p;j:= Rko(j) + wdo()) if  j>m,

From equations (4), (12), (13), and (14), we derive the
following condition:

(15) [ log [Rk,(j) + wii()] dj

1
+ j:n log [Rky(j) + wlo(j)] j = log a.

Note that the left-hand side of equation (15) is an increasing
function of wages w; and due to boundedness of the /; functions, it
is also continuous and differentiable. Hence, equation (15) uniquely
determines the wage level, namely it determines a unique func-
tion w, where w, = w(m,). Furthermore, this function is both
continuous and differentiable.

From equations (10) and (15) we see that technology adoption
is affected by the level of wages on the one hand, but wages are
affected by technology adoption on the other hand, as it affects
both the technologies used and the amount of capital in use. We
next prove the existence of equilibrium and examine its properties.

LEmMMA 1. The function w is increasing wherever w(m) > Rh(m),
and decreasing wherever w(m) < Rh(m).

Proof. Define a function G by

Gmw) = [" log [Rky(j) + wly(1 dj + [ log [Rke(j) + wls()] dji.

The function G satisfies

G, (mw)=log [Rky(m) + wl,(m)] — log [Rko(m) + wly(m)].
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m

FIGUre I11

Hence, if w(m) > Rh(m), we get G,(mw) < 0. Hence, w is
increasing in this region. The proof for the other region is
similar. |

CoROLLARY. The functions w and Rh intersect at most once.

From Lemma 1 and Figure III we can derive Proposition 1
which proves the existence and uniqueness of equilibrium.

ProPOSITION 1. For any technological frontier f; — ;, there exists a
unique equilibrium in the economy, namely a wage rate w;
and a level of technology adoption m,, which satisfy the
equilibrium conditions (10) and (15).

Proof. 1t follows immediately from Figure III. |
Formally, the equilibrium level of technology adoption in the
economy is

(16) m, = min {m*f,_},
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where
am m* = max {m: w(m) = Rh(m)}.

Proposition 2 shows that the equilibrium is welfare maximiz-
ing. This proposition also characterizes the equilibrium in a way
that is useful for some of the following discussions.

PRrROPOSITION 2. The equilibrium allocation maximizes net income
in the economy: Y; — R K,, where K, is the aggregate amount
of capital used in production of intermediate goods in period ¢.

Proof. See the Appendix.

V. TECHNOLOGY AND OQUTPUT ACROSS COUNTRIES

A. Differences in Technology Adoption

We now turn to analyze the equilibrium, which is described in
Figure III by the w and RA curves. From that figure we deduce
that countries can be classified into three types of growth paths,
due to differences in the parameter a.

1. In the first case, described by curve w; in Figure III, w is

everywhere above RA, and all new technologies are adopted.
This case occurs when w(1) = RA(1), or when a = a;, where
a, is defined by

loga; =log R + [’ log [ky(j) + ALLG) .

2. In the second case, described by the w, curve, w intersects
with RhA at one point, m*. In this case, the economy adopts
technologies, as long as f; - ; = m*. But once the technical
frontier passes m*, the economy stops adopting new
technologies and remains stagnant. This case occurs when
w(1) < Rh(1) and w(0) > RA(0), or when ay < a < a;, where
ay is defined by

logao = log R + J' log [ko(j) + h(O)ls()] dj.

3. Inthe third case, described by ws, w lies everywhere below
Rh, and no technology is adopted; namely, m, = 0. This

case occurs if w(0) = Rh(0), or when a =< a,.
The above analysis leads to the first main result of the paper,
that countries differ in technology adoption. This is not due to
adjustment costs or to slow diffusion, since there are no such costs
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in our framework. Some countries adopt fewer technologies than
others because they have lower wages. Therefore, technology
adoption, which saves labor but requires more capital, is not
profitable. These countries have lower wages because their produc-
tivity is lower.1!

B. Amplification by Technology Adoption

As shown above, differences in technology adoption contrib-
ute to output differences across countries. We next show that
technology adoption can greatly amplify differences in productiv-
ity across countries. To demonstrate it, we first calculate output
by adding up labor inputs in all sectors and equating to 1.
Equilibrium output is

my L) . 1 lo() It
18 Y U; B + ot iR T wi )
It is easy to verify that output Y; is increasing with technology
adoption m, and with wages w;.

Figure IV describes how output changes with country produc-
tivity a. The solid curve describes this relationship when all
machines have already been invented and /' = 1, while the broken
curve describes this relationship when the technology frontier fis
less than 1. When a changes between a, and a,, more technologies
are adopted, and this adds to the direct effect of productivity. As a
result, the curve is much steeper within the interval [a,, a;] than
outside it, as shown in Proposition 3.

ProprosITION 3. The slope dY/da in the interval [ag,a;], where
technology adoption changes, is higher by

Y: 1 1 1
aR? h'(m) |ko(m)/ly(m) + h(m)  ky(m)l,(m) + h(m)

than outside the interval, due to the effect of technology adoption.
Proof. See the Appendix.

Hence, technology adoption amplifies the effect of productiv-
ity. From Proposition 3 it follows that this amplification effect is
stronger the flatter A is, and the larger the increase in capital-

11. Note that this result can also be related to Habbakuk [1962]. He claimed
that technical progress in the United States exceeded that in Britain due to higher
wages in the United States, as a result of greater land abundance.
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ap a

FiGURE IV

labor ratio &/l when adopting the industrial technology. Our model
can, therefore, help to explain large differences in output, even if
the underlying differences in productivity are not large.

Note that technology adoption amplifies not only the effect of
productivity, but of interest rates as well. This model assumes
that capital is fully mobile and hence, interest rates are equal
across countries. But countries that restrict capital mobility may
face different interest rates, and that might affect technology
adoption as well. Hence, restrictions on capital mobility can also
contribute toward explaining international differences in technol-
ogy adoption and output.

C. Other Results

The model can account not only for output differentials, but
also for divergence between countries and regions across time as
well, such as recorded by Maddison [1995, Ch. 1], Pritchett [1997],
and many others. Consider two countries, one with high a as in
curve w; in Figure III, and one with a lower a, as in curve w, in
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Figure III. Once the technology frontier passes m*, the first
country continues to adopt new technologies and to grow, while
the second country does not adopt new technologies and stag-
nates. Hence, the two countries diverge from one another.

The model can also explain changes in economic growth
across time for the same country. If a country changes its
productivity a, by improving its infrastructure, or if it reduces its
interest rate, by liberalizing its capital markets, it can initiate a
period of rapid technology adoption and economic growth, by
increasing m*. Hence, the model can also explain how some
countries can experience periods of rapid growth. The model can
therefore shed some light on the Southeast Asia experience.

VI. EXPLANATION

We next turn to an explanation of the intuition behind the
main results of the model, by introducing aggregate production
functions of the short, medium, and long run. The short-run
production function F is defined as the maximum amount of
output produced by capital input K and labor input 1, where the
technologies adopted are fixed at [0, m]. Namely, the short-run
production function is

(19)

F(K,m) = max {a exp

1 . 1 . 1 .
J; logx;dj|: K = J; xk; dj, 1 = J; xl; d_]},

where k; = k(j) forj = m, and k; = ko(j) forj > m, and similarly for
l;, The medium-run production function H is defined as the
maximum amount of output produced by K units of capital, where
technology is a choice variable, namely,

(20) HKK f)= max [F(K,m): 0 = m =< f},

where f is the technology frontier. The equilibrium output and
capital are derived by maximizing net income: H(K,f) — RK, as
implied by Proposition 2. The long-run production function is
H(K,1), which describes the relationship between capital and
output along time, as the technology frontier keeps growing.

ProposITION 4. The aggregate production functions F and H
satisfy the following.

(a) Technology adoption raises output if capital is large but
reduces output if capital is small, namely F,, > O for large
KandF,, <0 for small K.
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(b) Denote by m(K) the level of technology that maximizes
output at a given amount of capital K. Then m(K) is
increasing with K, if it is not O or 1, and is independent
ofa.

(¢) The medium-run production function is a combination of
the long-run and short-run production functions in the
following way: H(K,f) = H(K,1) for m(K) <f,and HK,f) =
F(Kf) for m(K) > f.

(d) Both F and H are concave functions of K.

(e) LetF and H be the aggregate production functions for a =
1.Then F = oF,and H = oH.

Proof. See the Appendix.

Proposition 4 presents a new look at the main results of the
paper. First, it shows that technologies do not always raise output,
but can also reduce it. Second, it shows that technologies are not
everywhere adopted. To show this, note that producers reach a
level of capital K at which the marginal product of capital is equal
to R, namely where

(21) Hy(Kf) = Rla,

due to Proposition 4(e). Let K* be the amount of capital for which
the long-run marginal product of capital is equal to R, namely,

(22) Hy(K*1) = R/a.

If at this level f = m(K*), the economy remains stagnant and does
not adopt any further technologies as fincreases. If f < m(K*), the
economy continues to adopt technologies and grow until capital
reaches K* or until f = 1.

Figure V shows two countries, country A with low productiv-
ity a, and country B with high productivity ag. Country A does not
adopt all technologies and remains at K'; and at a technology level
ma = m(K’%) < f. Country B adopts all existing technologies and
continues to adopt new ones. This is the first main result of the
paper; namely, that not all countries adopt all technologies.
Furthermore, the H curve is very flat, since it is an envelope of
intersecting production functions, due to Proposition 4(a). Hence,
even a small difference between productivities a, and ap is
sufficient to create a large difference in capital and output. This is
the second main result of the paper, on the amplification effect of
technology adoption.
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Y/a

Ry m (f) Kp*

FIGURE V

It is important to compare these results with those of
standard models of technological innovations, where output in-
creases for any combination of inputs. In such models, if the level
of technology m is ordered by increasing productivity, output is
maximized at the technological frontier m = f, and the medium-
run production function becomes identical to the short-run produc-
tion function; namely, H(K,f) = F(K,f). Hence, under standard
models the two main results of the paper do not hold: existing
technologies are adopted by all, and the long-run production
function is not flat, so that productivity has a relatively small
effect on output.

VII. Two EXAMPLES
A. Example 1

In this example input requirements for each technology,
manual or industrial, are equal for all intermediate goods,
namely, [o(j) = Ly, ko(j) = ko, 11(j) = I, and k(j) = &y, for all j.
Hence, the function 4 is constant as well and is equal to

(23) h(j)=h = (ks — kp)/y —1y) .
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Note that since the RA curve in Figure III is horizontal countries
either adopt all new technologies or do not adopt any technology
at all. Hence, in this example the threshold for technology
adoption is

(24) Ay = a1 = R(kl + hll) = R(ko + hlo).

In this example an economy with productivity ¢’ = ay adopts
every new technology and grows with the world’s technical
progress. Its output grows from a'/ly, when f; _; = 0, to a’/l;, when
f; -1 = 1. An economy with productivity a” < a, does not adopt any
technology, and its output per worker remains a"/l,. Hence, these
two countries diverge from one another. Note that this example is
similar in many aspects to the expository example presented in
Section II.

B. Example 2

In this example we assume that the manual technology uses
no capital at all, namely ky(j) = O for all j; and the industrial
technology uses no labor at all, namely /,(j) = 0 for all j. This
example is an extreme form of the case of a manual technology
that uses very few tools and of machines that need few workers to
operate them. In this example wages are described by

(25) logw=@1—m) Yloga—mlogR

m 03 - 1 . .
— J; log k4(j) dj — j:n log (7)) dj

Hence, the curve w; of Figure III goes to infinity as m approaches.

1, while w, and w; fall to minus infinity. Hence, economies with

low productivity stop growing at some technology level m*, while

economies with high productivity continue to grow unboundedly.

The threshold between stagnation and unbounded growth is a;.
The short-run production function in this example is

(26) FK,m) = ap(m)K™,

where

27) o(m) =exp|—mlogm — (1 —m)log (1 — m)

m . 1 " 7:
- [ 0g kiGiy dj - [ Tog Loy

Hence, F is similar to a standard Cobb-Douglas production
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function, except that the coefficient m is not fixed, but changes
with technical progress.

In order to calculate the long-run production function H(K,1),
where m is a choice variable, note that maximization of F(K,m)
with respect to m leads to the following first-order condition:

(28) K = [m/(1 — m)]h(m).

Hence, the optimal technology m = m(K) is an increasing function
of capital, and it goes to 1 as K grows to infinity. The long-run
production function is

(29) Y = HK,1)= aelm(K)IK"®,

and its slope, the marginal productivity of capital, converges to
1 . .

(30) aexp|— [ log ky(j) djl,

as K grows to infinity. Hence, the slope of H is very flat for large
values of K. Technology adoption depends crucially on whether
(30) is greater or smaller than R. If it is greater than R, all
technologies are adopted, while if it is smaller than R, technology
adoption and capital accumulation stop at some point.

VIII. THE CAPITAL-OUTPUT RATIO

This model describes economic growth as driven by technologi-
cal innovations, which is a very common view. The novelty of the
model is that it assumes that these innovations increase the
capital requirement for each unit of output, as they are embodied
in new machines that replace labor. Hence, the model has a very
strong empirical implication; namely, that the ratio of capital to
output tends to rise with technical progress and economic growth.
This section examines whether this prediction fits the data on
output and capital across time and across countries. We first
examine the precise predictions of the model, and then confront
them with the stylized facts that emerge from a number of recent
studies. We show that indeed these stylized facts support the
predictions of our model.

The evolution of the capital-output ratio can be traced along
the long-run production function, as it is equal to K/H(K,1). Note
that according to Proposition 4(d) the production functions are
concave in K. Hence, as an economy adopts new technologies and
grows, it moves along the H curve, and the capital-output ratio
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rises. Though, note that this rise can be quite modest, since the
curve is rather flat. The prediction of the model with respect to
how output and the capital-output ratio are related across coun-
tries is more complex, since countries differ not only with respect
to technology and capital but also with respect to productivity a.
On the one hand, technology adoption and capital accumulation,
namely movement along the H curve, increase the capital-output
ratio. On the other hand, higher productivity a, which shifts the H
curve upward, reduces the capital-output ratio. This is reflected in
the following formalization: K/Y = a~! K/H(K,1). Hence, richer
countries do not necessarily have higher capital-output ratios.

We now turn to present some of the stylized facts. First, note
that the traditional view for many years has been that the
capital-output ratio is steady. This has been one of the stylized
facts described in Kaldor’s [1961] influential paper.’> We now
present some recent data and research that lead to different
conclusions. We first examine data on output and capital in 88
countries in the years 1960-1994, based on World Bank data and
calculated by Collins and Bosworth [1996]. According to the data,
the capital-output ratios have risen for most growing economies
from 1960 to 1994. Furthermore, the capital-output ratio in-
creased in all developed economies, where data are more reliable,
except for the United States and Norway, in which it has remained
constant. Interestingly, the East Asian countries, which have
experienced the most rapid growth in these years, also had the
largest increase in capital-output ratios. From 1970 to 1994 the
capital-output ratio has risen in Japan from 2.2 to 4.6, in
Indonesia from 1.2 to 2.8, in South Korean from 1.2 to 2.9, in
Malaysia from 1.3 to 2.5, in Singapore from 1.4 to 2.9, in Thailand
from 1.1 to 1.8, and in Taiwan from 1.2 to 2.2.13

As mentioned above, the model predicts a mixed effect of
output on the capital-output ratio across countries. Figure VI
presents a scatter diagram of capital-output ratios and output per
worker in 1988 across 29 countries, for which these data have
been available in Summers and Heston [1991]. The scatter
diagram shows the two effects, but the overall relationship
between output and the capital-output ratio is positive.1* Hence,
these cross-country data also support the view that the capital-
output ratio rises with economic growth.

12. See Romer [1989].
13. See Collins and Bosworth [1996, Table 13].
14. Aregression analysis of the data shows a significant positive coefficient.
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Another way to think about the model and its empirical
implications is to consider a more specific type of capital, namely
equipment and machines. This type of capital fits the spirit of the
model more than aggregate capital, which includes structures as
well. Since the share of equipment and machines in capital rises
with development,'® considering this type of capital further
strengthens the above empirical results. Thus, for example,
although the aggregate capital-output ratio in the United States
has been rather steady, the ratio of machines and equipment
capital to output has increased from 0.28 in 1950 to 0.43 in 1995.16
In a recent study of economic growth since the industrial revolu-
tion, Maddison [1995] presents estimates of the ratio of machines
and equipment capital to output in six developed countries
(United States, France, Germany, Netherlands, United Kingdom,
and Japan) over a long period of time. He finds that this ratio has

15. See Feinstein [1981].
16. Survey of Current Business [May 1997, pp. 14 and 92].
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risen in all six countries from less than 0.1 in 1820 to more than
0.7 in 1992.17

Another piece of evidence on the importance of the specific
type of capital of equipment and machines appears in De Long
and Summers [1991] and in De Long [1992], who find that
investment in equipment and machines has a significant relation
to economic growth. Their main finding is that an increase of
“three percentage points in the share of GDP devoted to equip-
ment investment leads to an increase in the growth of GDP per
worker of 1.02 percent per year” [De Long and Summers 1991,
p 454].18 It follows that the ratio of equipment capital to output
rises with economic growth, as long as it is below the level of 3
(which is far above current levels).

A final comment on this issue is that although the paper
describes workers replaced by machines, its results are more
general and hold for any technological innovation that replaces
one input by another. Consider, for example, many recent techno-
logical innovations, which require replacing less skilled workers
by better trained and better educated workers. Hence, a broader
implication of the model is that the ratio of the sum of physical
and human capital to output should rise with economic growth.
While we do not have comparable estimates of human and
physical capital, we do know that education and skills have risen
dramatically with economic growth. That also tends to support
the main claim of the paper.

IX. CoNCcLUDING COMMENTS

Technical progress plays an important role in the process of
economic growth since the industrial revolution. Recently, econo-
mists have turned to further analysis of the endogenous creation
of technology and its effect on economic growth. Less attention has
been given to the issue of technology diffusion and adoption. Since
most countries in the world adopt and use technologies, rather
than invent them, the question of international output differences
requires a better understanding of technology adoption. This
paper suggests that the analysis of technology adoption becomes
more realistic and yields interesting results if we abandon the
standard assumption of disembodied technical innovations, which

17. Ratio of machinery and equipment to output in the United States has
increased from 0.07 in 1820 to 0.86 in 1992, in the United Kingdom from 0.05 in
1820 to 0.65 in 1992, and in Japan from 0.10 in 1890 to 1.07 in 1992.
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reduce all required inputs in production, and consider instead
innovations that save labor but use more capital (machines) or
other inputs.

The paper shows that adoption of such technologies is no
longer everywhere beneficial, but it depends crucially on prices of
factors of production, which depend on country parameters,
namely on productivity and the discount rate. Hence, producers in
some countries may find it not profitable to adopt new technolo-
gies, while these technologies are adopted in more productive
countries. The paper further shows that under this assumption
technology adoption amplifies differences in productivity between
countries and thus helps to explain some of the observed large
differences in GDP per capita across countries.

APPENDIX
Proof of Proposition 2. Net income in period ¢, Y — R K, is
maximized subject to the full employment constraint:

m . . 1 . .
[ wuGrdi+ [ gt dj =1,

and subject tom = f;_;.

The Lagrangian is therefore equal to

m 1
a exp J;l logx;dj| — R J; x;k1(j) dj + J:n x;ko(j) dj

+ A

m . . 1 . .
1- ["xt(ddj — [ %l d_]).
The first-order conditions with respect tox; are
Yix; = Rk(j) + N,()),

where i = 0, 1 accordingly. The first-order condition with respect
tom is

Rlko(m) — ky(m)] = N[l1(m) — lo(m)].

It is easy to verify that these conditions are the same as the
equilibrium conditions, where m = m, and A = w,. |

Proof of Proposition 3. The slope is equal to

dY dYdw Y dm
da owda * om da ’
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Note that

dw odwdm dw ow

Ez-a;da da da’

since dw/ém = 0 within [a¢,a,] and dm/da = 0 outside it. Hence,
the slope in [a¢,a1] exceeds the slope outside it by

Y om
om oa
From (18) and from w(m) = Rh(m), it follows that
Yy Y 1 1
om R |k(m)ly(m) + h(m)  ky(m)il(m) + h(m)|’

The level of technology adoption m is determined by

j;m log [%4(j) + A(m)l1()]1dj + J:nl log [ko(j) + h(m)ly(j)1dj = log (%) .

Hence,
dm Y 1
da ~ aRh'(m)’
That completes the proof. |

Proof of Proposition 4. We first examine the short-run output
maximization (19). If X is the shadow price of labor and y is the
shadow price of capital, the first-order conditions boil down to

(A Iom) = | log INLG) + pky()] dj
0
+ [ 1og N + ko1 dj = log a,

and to

_ 1 kj . 1 lj . I”

if the solution is internal. Equation (A2) does not hold in the two
cases of corner solutions, namely if labor is not fully utilized, when
Kisvery small, then A = 0, and if capital is not fully utilized, when
K is very large, then u = 0. Since the likelihood of these corner
solutions is low, we do not discuss them explicitly from now on. It
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is easy to see that condition (A1) defines a function ¥, by N = U(x),
which is decreasing and convex. We can rewrite (A2) as follows:

(A3) —y'(w) = K.

Hence, as capital K increases, u decreases, and A increases. Since
It is equal to the marginal productivity of capital, it follows that F'
is concave in K.

To analyze technology choice, note that

F,, = xully(m) — L;(m)II\l/u — h(m)].

As K increases, M/u increases from zero to infinity. Hence, F,, is
negative for small K and positive for large K. That proves part (a)
of Proposition 4.

We also deduce that output is maximized when

(A4) N/u = h(m),

or in corner solutions, when m = 0, orm = f, or m = 1. Hence, as K
increases, N/u rises, and as a result m increases or remains
unchanged (in a corner solution). Note also that from (A2)
it follows that A/x depends on K only and is independent of a.
This proves part (b) of Proposition 4. Part (c) follows immediately
from (b).

We have shown above that F' is concave with respect to K.
Note that, when technology is variable, both A\/u and m increase
with K (the corner solution is trivial). But

%8 L(m) + \/ly(m)’

and it equals O at the optimal m, where \M/u = h(m). Hence, the
rise in NM/u increases I, and therefore y falls. Thus, H is concave in
K as well.

Finally, it is clear from (19) and (20) that the optimal x; and
optimal m are independent of a. Furthermore, from the first-
order conditions we get that 2 and \ are proportional to a. This
proves (e). |

I, =1
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