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PART ONE

Topics in Growth Theory
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Growth and the Elasticity of Factor Substitution

John D. Pitchford

One measure of the shape of production isoquants is the elasticity of
substitution between factors. It ranges in value from zero to infinity,
implying that no substitution is possible when it is zero and that factors
are perfect substitutes when it is infinity. It has been a limitation on
the generality of the conclusions of growth models that explicit treat-
ment of substitution has largely been confined to cases in which the
elasticity of substitution between labor and capital is unity. This lim-
itation is imposed by the use of the Cobb-Douglas production func-
tion.! This chapter is based on Professor Swan’s growth model, but
the Cobb-Douglas production function is replaced by a production
function which allows the elasticity of substitution to take any value
between zero and infinity. It is seen that a variety of growth paths is
possible, depending on the elasticity of substitution, and this leads to a
reconsideration of the relation between income growth and the saving
ratio.

1 Solow, op. cit., does consider the case in which the elasticity of substitution is 2. T. W. Swan’s
model, “Economic Growth and Capital Accumulation,” Economic Record, 1956, uses the
Cobb-Douglas function.

The development of this article has benefited from discussions with B. Thalberg and T. N.
Srinivasan at Yale, and K. Frearson of the University of Melbourne. I am also indebted to
Professor T. W. Swan and Dr. I. F. Pearce of the Australian National University and Professor
R. M. Solow of the Massachusetts Institute of Technology, who made useful comments on
an earlier draft. The production function I have used was employed by R. M. Solow in a
talk at Yale titled “Substitution between Capital and Labour.” Professor Solow discussed this
function in connection with procedures for estimating the elasticity of substitution. A similar
function appears in his article, “A Contribution to the Theory of Economic Growth,” Quarterly
Journal of Economics, 1956, p. 77.
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4 John D. Pitchford

I

Because the model differs from Swan’s only in the substitution possi-
bilities which it allows I shall not explain in detail the meaning of the
system.?

Symbols

ay 1.
e Y
dK 1
dt K’
N-labor; n = d—N . l;

dt N
o—the elasticity of substitution between capital and labor
s—the average equals the marginal saving ratio.

Y—-income; y =

K-capital; k =

Savings are assumed equal to investment and the marginal product
of labor equal to the real wage throughout.
The first assumption gives
dK 1
— - —=k=sY/K. 1
K sY/ (1)
The second ensures that labor offering for employment is always
equal to the demand for labor.
The production function is

==

Y=[yK*+ uN"*]7?, @)

where 8 = (1 —0)/0.> y = j(B), and 1 = h(B) so that when g =0,
y + u = 1. It is necessary to impose this restriction on the values of
y and u when 8 =0 (i.e.,, 0 = 1) in order to ensure that for all values
of B the function exhibits constant returns to scale. This is ensured for
values of B other than zero by raising (y K=# + uN=#) to the power
-1/B.

This function then has the elasticity of substitution as a parameter,
for o may be given any value from zero to infinity by letting 8 take an
appropriate value in the range of infinity to minus unity.

2 The limitations which his simplifying assumptions produce apply also to my model.
3 Thus, when 0 < ¢ <1l,00> B >0;andwhen0 <o <00,0> 8> —1.
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Growth and the Elasticity of Factor Substitution 5

For any differentiable function Y = f(K, N), where Y, N, and K are
functions of ¢, we may write

dy 93Y dK 4 Y dN
dt 9K dt ' AN dt’
and, hence,

le_aYK dK1+8YN dN 1
dt Y O8KY dt K ONY dt N
or y=¢€xk + exn, where ex and €y are the production elasticities of

capital and labor, respectively.
From (2) we have

and

Thus, in terms of the rates of growth of product and factors, (2) may

be written
Y\’ Y\’
y=)’(§) k‘HL(N) n. 3)

Because we are assuming constant returns to scale, we must also

have
Y\* Y\’

=y|l=) k+|1-y|= . 4
y y<K) +[ V(K)}n (4)
Swan’s model is depicted on a diagram with growth rates on the
vertical and the output—capital ratio on the horizontal axis. On this
diagram the labor force growth rate (assumed constant) appears as
a horizontal straight line, while the capital growth rate (k = s(Y/K))
is a straight line through the origin with slope s. The output growth
line completes the system. In the Swan model it is given by y = exk +

(1 — ex) n,where ex and 1 — e are the constant production elasticities
attached to capital and labor, respectively.
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6 John D. Pitchford

growth
rates

A=<

E-—-——————

Figure 1. Swan Diagram.

It follows from (3) that wheno = 1 (8 = 0), Swan’s solution emerges

as a special case for
v\’ v\’
=v(=) % —
r=r() “‘(N)”

Sy =vk+un.

This system is shown in Figure 1. A stable (golden age) equilibrium
is seen to exist when y = k = n, and Y/ K = n/s. This equilibrium will
involve the same rate of growth of income whatever the saving ratio.
Moreover, as (during the process of adjustment from one equilibrium
to another) “‘plausible’ figuring suggests that even the impact effect
of a sharp rise in the saving ratio may be of minor importance for the
rate of growth” saving is seen to be unimportant as an influence on
the income growth rate.

We should not, however, be misled into ignoring the effect which
an increase in the saving ratio will have on the level, as distinct from
the equilibrium rate of growth, of income. A rise in the saving ratio in-
creases output per head and, hence, raises the base upon which income
grows.’

IT

Let us now allow for the full range of possible values of the elasticity of
substitution by employing the production function given by Equation

4 Swan, op. cit., p. 338.
> Ibid. For the Cobb-Douglas production function it may be shown that Y/K = (Y/ N)(EK/ ),
from which the preceding results follow.
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Growth and the Elasticity of Factor Substitution 7

(2).° This function is found to operate only for a limited range of the
values of Y/ K. Rearranging (2), we have

Sk

Now when the elasticity of substitution is greater than unilty (B <0)
the output—capital ratio is seen to have a lower limit, (1/y )7, because
any value of Y/ K below this would require a capital-labor ratio greater
than infinity. Thus at the limiting value of Y/ K the capital-labor ratio
would have to be infinite. When the elasticity of substitution is less than
unity (8 > 0) there is an upper limit to Y/ K of (%) #, and at this upper
limit it can be seen that the capital-labor ratio will be zero.

These limiting values of the output—capital ratio are shown in the
following diagrams. Figures 2(a), 2(b), 2(c), and 2(d) illustrate the gro-
wth paths which the model may take; the shape of the income
growth line being based on propositions which are obtained in the
Appendix.

If the elasticity of substitution is less than unity, Figures 2(a) and 2(b)
will be relevant, whilst Figures 2(c) and 2(d) apply to cases in which
the elasticity of substitution is greater than unity. If o < 1, Figure 2(a)
is more likely than Figure 2(b), the higher the output—capital ratio
appropriate to a golden age (n/s)f and the lower the limiting value
of the output—capital ratio [(1/y)?].(Y/K) = n/s will be higher the
greater the population growth rate and the lower the saving ratio. If
the pqpulation growth rate is higher than the saving ratio (n/s > 1),
(1/y)? must also be greater than unity in order for Figure 2(b) to be
applicable. 8 in this case is positive, so that in order for (1/y)? to be
greater than unity y must be smaller than unity. On the other hand, if
n/s < 1, a value of y smaller than unity will not be necessary to make
Figure 2(b) relevant.

If o > 1, Figure 2(d) is1 more likely than Figure 2(c) the lower
n/s, and the higher (1/y)?. Thus, the greater the saving ratio and
the smaller the rate of population growth the more probable will be

% The case in which 0 =0, 8 = oo is not explicitly treated in what follows. When there is
no substitution between factors we have the elements of the simplified Harrod and Joan
Robinson models. There is an excellent treatment of the Harrod case in the literature
(Solow, op. cit.). When o = oo, B = —1, the production function reduces to Y =y K + uN,
which may be rewritten y = y (K/Y) k+ u (N/Y)n, and yields the same sorts of results as
the more general form.
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Figure 2. Growth and the Elasticity of Substitution.

Figure 2(d). If n/s > 1, (1/)/)% must be greater than unity. This would
require (with 8 < 0) a value of y greater than unity. With n/s < 1,
y need not be greater than unity in order to ensure that Figure 2(d)
applies.

Our knowledge of the values of some of these parameters does not
help us to make a choice between these four cases. We know that usually
n < s, but we do not know anything about the value of y, nor about
the value of o (unless we take the fitting of Cobb—Douglas production
functions to suggest that it is in the neighborhood of unity). Even if we
did know the value of o it would still be necessary to know y before
we could choose between Figures 2(a) and 2(b) (o < 1) and between
Figures 2(c) and 2(d) (o > 1).
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Growth and the Elasticity of Factor Substitution 9

Before we examine each of these behavior paths it is useful to look
at some of the elementary propositions about growth with constant
returns to scale.”

We have that

y={0—en)k+enn
for a production function subject to constant returns to scale;

.'.y—k:eNn—eNk

— ens (g _ %) . )

Given €y > 0, this system is seen to be stable and to approach a
(golden age) equilibrium in which Y/K =n/sory =k =n.

Thus, provided €y > 0, a golden age is always approached when
there are constant returns to scale and no technical progress.

This suggests the basis of distinction between the two different types
of behavior which the model can produce. In those cases in which the
system grows towards a golden age (Figures 2(b) and 2(c)) the labor
production elasticity (ey) must be positive throughout the process,
whereas if a golden age is not approached forces must be in operation
to push the labor elasticity to (a limiting position of) zero.

The two golden age cases do not require much explanation, for the
shifts in the production elasticities and the marginal productivities
which bring the system to equilibrium may be inferred from a con-
sideration of the diagrams and Equations (3) and (4). These cases, of
course, obey the rule that the income growth rate is, in equilibrium,
uninfluenced by the saving ratio. It is the two cases in which a golden
age is not possible that invite detailed examination.

As we have seen in both these cases the contribution of labor to the
productive process eventually becomes negligible in the sense that,
after a point, further increases in the labor force employed fail to in-
crease output significantly. Figure 2(a) (o < 1) involves the labor force
growing more rapidly than the capital stock. Because the capital-labor
ratio is continually falling, labor must be increasingly substituted for
capital in order to maintain full employment of both factors. The fact
that labor and capital are poor substitutes will mean that more and

7 See T. W. Swan, “Golden Ages and Production Functions,” in K. E. Berrill (ed.), Economic
Development with Special Reference to East Asia, London; MacMillan, 1963.
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10 John D. Pitchford

more labor can be employed only if the real wage (equals the marginal
product of labor) is forced down. In this case the marginal product
of labor falls more rapidly than output per head (i.e., 3Y/aN falls
more rapidly than N/Y rises) so that the labor production elasticity,
(0Y/dN)-(N/Y) = u(Y/N)”, declines. Before a golden age can be
reached the capital-labour ratio has tended to zero so that the fall in the
capital-output ratio comes to a halt. It follows that if, in equilibrium,
the labor elasticity is zero, output (with constant returns to scale) must
grow at the same rate as capital. Hence, as capital grows more slowly
than labor, output must grow at a less than golden age rate. Of course
this equilibrium will be reached only after infinite time has elapsed,
but it can be stated that in the circumstances in which Figure 2(a)
holds income will grow towards such an equilibrium, and during this
process the income growth rate will always be less than the labor growth
rate.

The decline in the marginal product of labor implies a fall in the real
wage. Before real wages fall to zero the labor force growth rate will
decline (either because population growth is reduced by a Malthusian
process, or because unemployment develops). As long as some accu-
mulation is taking place the result will be eventually to render a golden
age possible (i.e., to ensure y (n/s)? < 1). However, as the labor growth
rate has fallen the income growth rate will be less than the initial la-
bor growth rate and there may be some unemployed labor at the new
equilibrium.

Figure2(d) (o > 1)involvesincome growing permanently at a higher
rate than labor. This causes a rise in the capital-output ratio; for when
income grows faster than employment, with constant returns to scale,
capital must be growing more rapidly than income. This deepening of
capital would eventually produce a golden age, except that in this case
the capital-labour ratio becomes infinite before such an equilibrium
can be reached. Capital and labor are good substitutes in this situation,
and capital is increasingly substituted for labor as the process proceeds.
The marginal product of labor is raised by this substitution, but, nev-
ertheless, as in the previous case, the labor elasticity (e ) tends to zero
as the limiting value of the output—capital ratio is approached.

This case is associated with a high saving ratio and/or a low popu-
lation growth and a high value of the constant attached to capital (y).
The labor production elasticity must eventually fall to zero because
the community eventually has such a large stock of capital compared
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Figure 3. Isoquants.

to the stock of labor, and this capital is a good substitute for labor, so
that a given percentage change in the labor force produces a negligible
percentage change in the level of output.

All this can be looked at in terms of the shape and position of the
production isoquants for different values of the elasticity of substi-
tution. The production Function (2) may be stated in the form of a
relationship between K/Y and N/Y. Thus,

hee e

In the Appendix it is shown that this relationship will involve the
forms shown in Figure 3 for different values of o.

For any given level of income these curves illustrate the possible
shapes of the production isoquants. When o > 1, (6) will be asymptotic
to positive limits with respect to both K/Y and N/Y. When o = 1, (6)
will be asymptotic to both axes, whilst when o > 1, (6) will cut both
axes at finite values.

Now ina golden age k =s(Y/K) = n,so that for an economy to attain
a golden age it must attain a capital-output ratio such that K/ Y = s/n.
The line AA in Figure 3 is one such equilibrium value of K/Y. It
is clear that the Cobb-Douglas production function can attain any
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